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FOREWORD 


The  proceedings  of  the  First  International  Symposium  on  Explosive  Detection  Technology  has  been  compiled 
and  ^ited  for  the  purpose  of  providing  a  much  needed  collection  of  essential  information  and  procedures  for 
the  detection  of  explosives  at  airports  and  has  been  prepared  for  program  managers,  scientists  and  engineers 
employed  in  the  area  of  civil  aviation  security.  The  deliberations  at  the  symposium  focused  on  further 
development  and  improvement  and  future  deployment  of  ptromising  biological,  chemical  and  physical  explosive 
detection  systems  (EDS)  for  luggage  and  personnel  screening.  An  important  goal  of  the  syn^sium  was  to 
facilitate  technology  transfer  and  to  allow  networking  opportunities  for  organizations  and  individuals  involved  in 
civil  aviation  security  throughout  the  world. 
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EXECUTIVE  SUMMARY 


This  Proceedings  contains  papers  presented  at  the  First  International  Symposium  on  Explosive  Detection 
Technology  held  on  November  13-15,  1991  at  Atlantic  City,  New  Jersey.  These  papers  have  arranged  in 
various  sections  for  convenience  in  accessing  the  relevant  information. 

The  papers  in  the  General  section  address  policy  matters  such  as  the  existence  and  luture  of  the  terrorist  threat 
to  civil  aviation  and  ways  and  means  available  to  counter  that  threat,  h  particular,  the  paper  by  Vice  Admiral 
Robbins  offers  a  propo^  solution  to  this  threat  to  global  civil  aviation.  His  proposal  consists  of  ^opting  a 
plan,  approach,  or  strategy  which  will  have  a  long-range  goal,  embedd^  in  which  are  some  short-range  goals. 
He  strongly  emphasizes  me  need  to  get  a  workable  explosive  detection  sensor  or  system  (EDS)  into  the  field  at 
the  earliest  possible  time. 

The  papers  in  the  section  on  Nuclear  Techniques  describe  the  numerous  methods  used  in  this  area  of  explosive 
detection  technology.  The  only  fieldable  nuclear-based  system  at  the  present  time  is  the  themul  neutron 
analysis  (TNA)  EDS.  This  EDS  is  essentially  a  nitrogen  detector.  Other  nuclear  methods  (e.g.,  pulsed  fast 
neutron  analysis  (PFNA))  can  detect  and  measure  the  rations  of  carbon,  nitrogen  and  oxygen  in  the  explosive, 
thereby  achieving  greater  specificity.  These  techniques  are,  however,  still  at  the  developmental  stage.  Since 
most  of  the  nuclear  techniques  depend  on  a  source  of  neutrons  or  other  particles,  a  section  on  accelerators  of 
charged  particles  is  also  included. 

The  section  on  X-ray  and  Gamma-ray  Techniques  describes  some  innovative  approaches  to  screening  of 
luggage  and  personnel.  These  include  dual  energy,  back-scatter,  3-dimensional,  computed  tomography,  and 
gamma  resonance  absorption.  Developmental  work  using  combmations  of  nuclear.  X-rays  and  other  techniques 
is  also  presented  in  the  next  section.  The  fusion  of  nuclear  (TNA,  positron  emission  tomography  (PET))  and 
the  different  X-ray  technologies  appears  to  a  have  lot  of  promise. 

The  swtion  on  Testing  and  Field  Experience  includes  a  verv  important  paper  on  the  testing  protocol  for  bulk 
detection.  Other  papers  describe  the  practical  issues  faced  by  developers  and  the  approaches  they  have  adopted 
to  handle  these  issues  when  it  was  time  to  field  an  EDS  at  an  airport. 

The  section  on  Electromagnetic  Techniques  includes  a  description  of  the  methods  of  explosive  detection  using 
the  physical  phenomena  of  nuclear  magnetic  resonance  (NMR)  and  nuclear  quadrupote  resonance  (NQR). 
Whereas  NMR  depends  on  a  constant  applied  magnetic  field,  NQR  does  not  require  the  existence  of  such  a 
field.  This  imparts  to  the  NQR  method  an  advantage  over  the  NMR  method,  since  it  not  only  simplifies  the 
system  but  the  problem  of  erasure  of  magnetic  mema  by  die  applied  magnetic  field  is  also  eliminated. 

The  papers  on  vapor  detection  technology  are  grouped  into  three  sections.  The  Vapor  Detection:  General 
section  includes  papers  dealing  with  the  preprocessing  of  the  vapor  (extraction,  preconcentration,  transportation 
and  ioniution)  before  it  is  actually  detected  by  a  suitable  detector.  This  is  followed  by  a  section  on  Mass  and 
lon-mobilit)'  Spectroscopy.  These  two  detection  techniques  appear  to  be  the  most  favored  for  the  accurate  and 
rapid  detection  of  explosive  vapors.  Finally,  the  section  on  Gas  Chromatography,  which  is  a  separation 
technique,  contains  two  papers.  The  first  paper  uses  chemiluminescence  and  the  second  paper  uses  electron 
capture  for  detection. 

The  section  on  Tagging  has  in  it  papers  which  describe  the  program  to  tag  military  plastic  and  sheet  explosives, 
the  preparation  and  characterization  of  explosives  contain  a  taggant,  and  me  techniques  for  the  detection  of  the 
taggants. 

The  lotion  on  Biosensors  dewribes  the  various  biochemical  techniques  for  the  detection  of  explosives.  It  also 
contains  a  paper  on  canines  since  the  olfactory  response  in  a  dog  is  a  biochemical  phenomenon. 

^e  ^tiqn  on  Signal  Processinjg  and  Simulation  has  papers  describing  the  different  approaches  used  for  the 
identification  of  a  bomb  in  a  suitcase.  These  include  discriminant  analysis,  artificial  neural  systems,  design 
optimization  and  performance  prediction.  Computer  simulation  for  the  purpose  of  EDS  performance 
improvement  is  also  discussed. 

The  section  on  Systems  Integration  contains  papers  which  contribute  to  our  understanding  of  the  application  of 
the  systems  approach  to  the  explosive  detection  problem. 
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INTRODUCTION 


Dr.  Siraj  M.  Khan 
FAA  Teclnucal  Center 
Atlantic  City,  NJ 


The  urgent  and  critical  need  to  detect  explosives  in 
airline  passenger  luggage  was  very  clearly 
demonstrated  by  the  unfortunate  and  terrible  incident 
involving  Pan  Am  Flight  103.  As  a  result  the  FAA 
has  scal^  up  its  efforts  to  prevent  future  events  of 
this  type  from  occurring  The  First  International 
Symposium  on  Explosive  Detection  Technology 
which  was  held  on  November  13  -  IS,  1991  at  Sands 
Hotel  in  Atlantic  City,  NJ  was  a  step  m  that 
direction.  Its  purpose  was  two-fold:  first,  to  provide 
a  forum  for  the  exchange  of  ideas,  information  and 
technology  among  program  managers,  scientists  and 
engineers  working  in  the  area  of  civil  aviation 
security  for  U.S.  and  foreign  government  agencies, 
defense  contractors,  national  and  defense 
laboratories,  and  the  universities;  and,  second,  to 
determine  the  direction  of  research  and  development 
in  the  critical  area  of  global  civil  aviation  security. 

The  symposium  was  very  well  attended.  A  total  of 
430  civil  aviation  security  experts  from  U.S.  and 
abroad  participated  (See  Appendix  A:  List  of 
Attendees)  and  over  100  papers,  most  of  them  of  a 
technical  nature,  were  presented.  The  activities 
consisted  of  oral,  poster  and  informal  discussion 
sessions.  Arrangements  were  siso  made  for  break¬ 
out  sessions.  A  total  of  fifteen  foreign  governments 
including  France,  Germany  and  the  UK  and  a  large 
number  of  U.S,  government  agencies  such  as  FBI, 
DOD  and  DOE  were  represents.  Technical  papers 
on  various  topics  in  detection  technology  were 
presented  at  the  symposium  by  scientist  and 
engineers  from  nineteen  universities,  fourteen 
national  and  defense  laboratories  and  equivalent 
organizations  from  Canada,  France,  Germany  and  the 
UK. 

The  highlights  of  the  symposium  included  the 
opening  remarks  by  Harvw  &feer,  Director,  FAA 
Technical  Center;  a  briefing  cn  aviation  security 
R&D  at  the  Technical  Center  by  Paul  Polski, 
Director,  Aviation  Security  R&D  Service;  the 
keynote  address  by  Vice-Admiral  Ctvde  E.  Robbins, 
Director,  Office  of  Intelligence  and  Securitv,  U.S, 
Department  of  Tran^rtation;  and  the  banquet 
sp^h  by  John  Burt,  Executive  Director  of  Systems 
Deveiopmeat,  FAA. 


The  technical  sessions  at  the  symposium  fell  into  five 
general  categories:  (1)  bulk  detection  (nuclear,  x-ray 
and  electromagnetic  techniques),  42  papers;  (2)  vapor 
detection  (gas  chromatography,  mass  spectrometry 
and  ion-mobility  spectroscopy),  35  papers;  (3)  testing 
and  field  expenence,  9  papers;  (4)  signal  processing 
and  simulation,  6  papers;  and  (S)  systems  integration, 
8  papers. 

This  symposium  also  provided  an  opportunity  to  put 
forth  a  proposal  to  embark  on  the  following  activities 
in  an  >ittempt  to  enhance  the  art  and  science  of  civil 
aviation  security  in  particular  and  transportation 
security  in  general; 

1.  organize  a  professional  association  of  experts  in 
the  field  of  transportation  security; 

2.  publish  a  technical  journal  which  will  contain 
refereed  scientific  and  technical  papers  in  the 
area  of  transportation  security;  and 

3.  establish  working  groups  and  sub-groups  on 
various  topics  of  interest  to  increase  coordination 
among  the  technical  experts. 

This  proposal  generated  great  interest  among  the 
audience  and  some  of  them  even  came  forward  with 
constructive  and  helpful  suggestions. 

The  stated  purpose  of  the  symposium  was  clearly 
met.  This  event  provided  a  singular  opportunity  for 
techno]o{|y  transfer  and  netwo^ing  among  various 
organizations  and  individuals  who  participated.  The 
speeches  by  Vice-Admiral  Robbins  and  John  Burt 
provided  the  direction  which  the  R&D  should  take  in 
this  critical  task.  The  message  is  clear  and  a  lot 
remains  to  be  done  to  ensure  and  maintain  the  safety 
and  security  of  international  airline  passengers. 

A  survey  conducted  near  the  end  of  the  symposium 
showed  that  the  attendees  liked  the  arrangements  and 
the  presentations.  A  majority  of  those  responding  to 
the  questionnaire  thought  that  the  content,  variety  and 
length  of  the  preseniations  was  in  the  excelient-to- 
good  category.  An  overwhelming  majority  (91%) 
felt  that  the  symposium  met  their  expectations.  Most 
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of  the  responses  in  the  questionnaire  contained 
coasUnctive  and  usefiil  comments  which  will  be 
utilized  to  make  the  future  symposia  even  better. 
Overall,  everyone  was  very  satisfied  with  the 
organization  of  the  symposium  and  it  was  judged  to 
be  a  gieat  success. 

All  the  presenters  were  asked  to  submit  their  papers 
for  inclusion  in  these  proceedings  when  they  arrived 
for  the  symposium.  Despite  an  extension  of  several 
weeks  in  the  deadline  only  about  90  written  papers 
out  of  more  than  100  papers  presented  at  the 
sy  mposium  were  received  and  these  papers  have  been 
re-arranged  in  various  categories  for  ease  in  access 
to  information  covered  at  the  symposium.  A  few  of 
the  presenters  sent  us  only  hard  copies  of  the  view- 
graphs  and  these  have  not  been  included  because  a 
decision  was  made  early  on  to  publish  only  written 
papers. 

A  list  of  acronyms  used  in  explosive  detection 
technology  (Appendix  B)  is  included  to  assist  new 
comers  in  this  field.  Appendix  C  contains  a 
bibliography  of  explosive  detection  technology  which 
contains  a  listin^,  of  reports  and  other  dc'''unients 
published  since  1971  and  available  in  the  open 
literature.  This  list  was  -  btained  from  the  National 
Technical  Information  Service  (NTIS).  Finally,  an 
author  index  is  presented  in  Appendix  D. 
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OPENING  REMARKS 


Harvey  S&feer,  Director 
FAA  Tecfanicel  Cento 

Atlantic  Gty  International  Airport,  New  Jersey 


I  would  like  to  take  this  opportunity  to  welcome  you 
to  the  First  International  Sy^^x)sium  on  Explosive 
Detection  Technology. 

Ihis  symposium  has  attracted  some  of  the  finest 
talent  in  the  industry.  Based  on  its  success  thus  fur, 
we  can  safely  say  that  we  are  going  to  start  planning 
our  second  symposium  next  Monday. 

This  synqmsium  is  the  first  of  its  kind.  Other 
synqwsia  on  explosives  detection  have  directed 
themselves  to  parts  of  the  problem.  This  is  the  first 
time  we’ve  brought  people  together  from  all  over  the 
world,  making  this  a  truly  international  symposium. 

We  have  more  than  60  participants  from  foreign 
countries,  including  IS  speakers  from  Canada, 
France,  Germany,  and  the  Uiuted  Kingdom.  We  also 
have  technical  experts  from  the  United  States, 
representing  19  universities,  IS  national  and  defense 
laboratories,  and  defense  contractors,  in  addition  to 
the  FAA. 

Many  of  you  may  be  aware  that  the  federal 
government  is  engaged  in  a  massive  effort  aimed  at 
"technology  transfer."  Taxpayers  have  iriyested 
significant  amounts  of  money  in  federal  laboratories, 
and  this  money  in  turn  has  been  used  to  fimd 
contracts  in  the  private  sector,  universities,  and  other 
govenunent  facilities. 

It  is  now  the  desire  of  the  federal  government  to  get 
information  that  has  been  generated  through  these 
expenditures  of  taxpayers’  fimds  back  into  the  hands 
of  industry  so  that  industry  can  benefit  and  we  can 
produce  the  products  that  we  need.  In  particular, 
what  is  needed  in  aviation  is  a  safe,  secure,  and 
efficient  air  transportation  system.  So  this  can  be 
viewed  as  part  of  our  teclmology  transfer  effort. 
We’re  bringing  together  the  experts  to  talk  to  each 
other  about  what’s  happening  in  explosive  detection. 

In  order  to  bring  together  as  many  people  as  possible, 
you’ll  note  that  briefings  have  been  rather  short. 
Fifteen  minutes  is  allotted  for  each  presenter.  But  we 


will  be  publishing  the  proceedings,  whidi  will  be 
made  available  to  all  of  you.  There  will  be  enough 
information  at  each  of  these  presortations  to  whet 
your  i^petite  so  that  you  can  go  down  your  shopping 
list  and  see  wbo  is  doing  something  of  interest  to  you 
and  sontohing  that  you  can  b«iefit  from.  There 
could  be  anotiier  conqrany  that  has  a  complementary 
technology,  a  university  that  is  working  on  a  process 
or  product  tiiat  can  feed  into  your  needs,  or  contacts 
that  are  in^rtant  in  sharing  the  teclmology. 

This  symposium  is  not  accidental.  It  coincides  with 
the  enhanced  efforts  of  the  Technical  Center  to 
expand  our  program  in  aviation  security  research, 
engineering,  and  development. 

For  those  of  you  who  have  the  time  to  come  out  and 
visit  our  focility  this  week,  you’ll  see  that  there  is  a 
lot  of  construction  going  on.  We  have  two 
laboratories  under  construction.  One,  which  will  be 
involved  in  the  air  traffic  control  systems,  will  house 
the  con^uters  for  the  next  generation  of  air  traffic 
control.  The  other  building  is  of  more  inqportance  to 
you  because  it  will  house  our  aviation  security 
research,  engineering,  and  development  effort. 

We  will  be  building  a  laboratory  facility  that  will  be 
available  to  all  of  you  in  industry,  academia,  and 
other  government  agencies.  Just  as  we  share 
focilities  that  are  owned  and  operated  by  the  Defense 
Dqwrtment,  our  focility  will  become  available  for 
use  by  other  agencies  and  by  the  private  sector. 

We  haven’t  configured  folly  the  inside  of  that  facility 
because  we  are  still  talking  to  many  of  you  about 
ideas  for  how  to  best  use  this  focility  to  con^lentent, 
rather  than  duplicate,  what  already  exists. 

If  you  have  an  opportunity  to  speak  with  Paul  Polski 
during  the  course  of  these  few  days,  either  tell  him 
what  your  ideas  are  or  make  arrangements  to  get 
back  in  touch  with  him. 

It’s  almost,  and  I  say  almost,  a  clean  slate.  While 
we  have  not  yet  configured  the  laboratories,  they  are 


3 


already  designed.  We  have  the  space,  and  we  know 
which  lab  is  going  to  have  positive  pressore  control, 
which  lab  will  be  reinforced  so  it  can  handle  TNA 
type  devices,  and  which  labs  will  be  constructed 
metal-free  so  that  we  can  look  at  devices  diat  rely  on 
magnetic  or  dectrical  energy  without  interference. 
The  walls  are  now,  and  we  are  looking  for  the 
best  use  of  the  insides. 

I  have  some  good  news  and  some  bad  news.  The 
bad  news  is  that  even  though  you  will  be  sitting  here 
for  your  diimer,  the  dancing  girls  won't  be  up  here. 
The  good  news  is  Out  you  won’t  have  to  listen  to  me 
again  because  we  w^  advised  this  morning  that  Jdin 
Burt,  the  FAA’s  Executive  Director  for  System 
Development  and  my  new  boss,  will  be  the  keynote 
speaker  at  our  banquet.  John  has  been  on  the  road 
and  just  got  back  into  Washington  yesterday.  Paul 
spoke  to  him  and  he  called  back  this  nxrming  to  say: 
"It  is  important.  I’ll  be  there." 

So  the  bottom  line  is:  We  at  the  FAA  are  committed 
to  pursuing  an  aggressive  research,  engineering,  and 
development  program.  We  fully  understand  that  the 
solution  to  our  problem  stands  in  advancing  the  state 
of  the  art  several  orders  of  magnitude  beyond  what  it 
is  today.  We  fully  understand  that  many  of  you  have 
devices  that  have  been  developed  which  you  believe 
can  do  the  job.  We're  going  to  make  our  facilities 
and  our  program  available  to  you  to  field  test, 
laboratory  test  --  or  whatever  kind  of  test  is 
practical  —  those  devices. 

We  are  looking  for  technology  breal.ihroughs,  which 
means  we  know  there  are  going  to  be  failures.  We 
are  ready  to  expect  failure,  but,  most  importantly,  we 
are  not  ready  to  give  up.  Congress  has  given  us  the 
resources,  and  we  have  a  long-range  plan  which  will 
provide  the  guidelines  for  how  we  proceed.  The 
technology  is  out  there.  We  must  try  to  serve  as  a 
catalyst  to  bring  it  together  and  truly  make  this 
endeavor  a  partnership  between  government, 
industry,  and  academia. 

I  wish  you  the  best  of  luck  in  this  symposium.  I  look 
forward  to  hearing  as  many  of  the  sessions  as  I  can, 
and  I  certainly  look  forward  to  reading  the 
proceedings. 


Thank  you  for  coming. 


KICKOFF  ADDRESS 


Paul  A.  Polski 
Director,  Aviatioo  Security 
.  Research  and  Devdopment  Service 
FAA  Technical  Ceoter 

Atlantic  City  International  Airport,  New  Jersey 


1.  WELCOME 

I  welcome  all  of  you  to  this  important  symposium. 
Looking  at  the  audience  this  morning,  I  am  truly 
amazed  with  the  diversity  of  disciplines,  agencies, 
and  countries  that  are  represented  at  the  First 
Intematioiud  Synqrosium  on  Explosive  Detection 
Technology. 

There  are  people  here  from  the  medical  professions. 
For  years,  they  have  been  using  detection  equipment 
to  examine  the  human  anatomy,  thus  helping  that 
profession  do  its  job  better.  There  are  people  here 
from  quality  control  offices,  who  have  been  using 
detection  equipment  to  examine  the  inside  of  products 
to  ensure  that  they  have  been  assembled  correctly. 
There  are  people  here  who  have  been  using  devices 
to  study  the  properties  of  coal  and  other  materials. 
There  are  others  from  a  broad  specbnun  of  industry 
and  government  organizations  concerned  with 
explosive  detection  technology. 

I  think  diversity  represents  the  key  ingredient  of  a 
good  meeting.  I  know  that  a  lot  of  productive 
networking  and  interfacing  will  happen  in  the  next 
few  days.  This  will  surely  help  advance  the  state-of- 
the-art  in  explosive  detection  technology. 

In  these  brief  ”kickofr  remaiks,  I  want  to  address 
the  following  subjects  relevant  to  explosive  detection 
technology:  challenge,  systems,  community, 
documentation,  test  and  evaluation,  the  FAA’s  new 
security  laboratory,  and  symposium  discipline. 


2.  CHALLENGE 

As  Director  of  Security  Research  and  Development  at 
the  FAA  Technical  Center,  1  have  one  of  the  most 
challenging,  and  indeed  most  rewarding,  jobs  in  the 
government. 

Our  Secretary  of  Transportation  has  told  us  that  we 


need  to  be  more  proactive  in  our  approach  to  the 
detection  of  explosives.  Unfortunately,  in  the 
security  business,  we  sometimes  tmid  to  be  reactive; 
problems  happen  and  dien  we  get  out  there  to  solve 
them  after  the  fact.  Cotainly,  being  proactive  — 
pr^raring  ahead  of  time  for  the  threat  —  has  got 
to  Ite  one  of  our  major  objectives. 

The  FAA  Administrator  is  insistent  upon  getting 
inqrroved  equipment  into  operation.  This  is  also  a 
major  thrust  of  various  security  groups,  including  the 
victims  of  Pan  Am  103.  We  have  a  tremendous 
challenge  here  and  we  will  meet  it. 

You  are  going  to  hear  from  John  Burt  [FAA 
Executive  Director  for  System  Development]  on 
Thursday  evening.  I  want  to  tell  you  that  he  is  a 
manager  and  a  leader  who  has  embodied  quality, 
acquisition  inqrrovement,  and  a  better  way  of  doing 
business  for  the  FAA  and  our  great  country.  I  am 
sure  that  you  will  find  his  remarics  very  stimulating. 
He  is  going  to  help  us  improve  the  standards  and 
speed  of  our  progress. 


3.  SYSTEMS  APPROACH 

My  boss,  Harvey  Safeer,  has  been  a  major  guidance 
and  inspiration  to  me.  He  has  aided  me  in 
accomplishing  the  things  I  need  to  do  and  has  helped 
us  to  ftght  for  the  resources  that  we  need. 

Historically,  in  the  systems  ^>proach  to  the  explosive 
detection  business,  we  have  looked  primarily  at  the 
probability  of  detection,  which  is  paramount,  and 
secondarily  at  the  probability  of  false  alarm.  We 
have  also  been  interested  in  the  spread,  or  difference, 
between  these  two  probabilities. 

In  the  last  year  or  two,  increasing  emphasis  has  been 
placed  on  other  probabilities;  probability  that  the 
equipment  will  run  day  in  and  day  out;  probability 
that  it  will  run  well;  probability  that  it  can  be 
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supplied,  maintained,  and  supported;  probability  that 
it  fits  well  in  the  airport  environment;  and  probability 
that  it  is  affordable.  Thus,  we  who  work  on  this 
very  critical  research  need  to  seriously  scrutinize  not 
only  the  probabilities  of  detection  and  false  alarm,  but 
also  of  all  other  aspects  of  explosive  detection 
equipment.  We  must  make  sure  that  we  are  putting 
together  sound  systems  that  will  work  effectively  in 
an  operational  airport. 

I’m  challenged  by  our  customers.  They  include  the 
flying  public,  the  airlines,  the  airports,  and  others  in 
the  FAA.  They  want  to  make  sure  that  we  spend  our 
money  wisely.  Our  explosive  detection  equipment 
absolutely  has  to  be  acceptable  to  the  efficimt 
operation  of  the  airlines  and  certainly  to  the 
equipment  operators. 

So,  in  summary  on  this  point,  we  must  work  together 
to  ensure  the  best  use  of  existing  resources  so  that  we 
will  achieve  even  more  effective  explosive  detection 
systems  as  quickly  as  possible. 


4.  SECURITY  COMMUNITY 

Development  of  new  technologies  in  the  defense 
community  has  become  a  routinized  ritual.  Every 
couple  of  years,  a  new  tank,  ship,  or  plane  is 
developed  to  meet  the  increasing  threat.  That  type  of 
acquisition  in  our  country,  and  most  countries  for  that 
matter,  tends  to  generate  a  lot  of  associations, 
publications,  and  meetings.  This  understanding 
results  in  organizations  working  together  better.  To 
be  candid,  I  don’t  think  we’ve  come  together  that 
well  yet.  We  need  to  put  aside  nonproductive 
pursuits  and  get  down  to  the  real  technical  work  at 
hand. 

This  is  one  of  the  key  reasons  that  we’ve  established 
a  stronger  independent  test  and  evaluation  program. 
Through  it,  we  can  objectively  assess  Just  exactly 
what  are  the  best  technologies  to  develop  and  deploy. 


5.  MULTIPLE  TECHNOLOGIES 

There  is  another  good  thing  about  getting  together  as 
a  community.  Our  search  for  the  Silver  Bullet,  i.e., 
a  single  machine  that  will  find  all  miyor  threat 
explosives,  is  probably  going  to  take  some  time. 
Quite  possibly,  the  equipment  that  we  have  on  the 
street  today,  or  nearly  on  the  street,  may  best  be  put 


together  in  a  collective  fashion.  I’m  talking  about  an 
architectural  approach  that  may  involve  two  or  three 
or  more  technologies  together.  This  is  ultimately 
going  to  be  the  near  term  answer  to  our  explosive 
detection  solutions. 

Our  Congress,  the  National  Academy  of  Sciences, 
OTA,  and  others  are  indicating  that  we  need  a 
combination  of  technologies  to  best  satisfy  detection 
requirements  in  the  near  term.  So  here  I  see  x- 
ray,  vapor,  nuclear  devices,  and  a  number  of  other 
technologies  coming  together.  We  need  to  expand 
ourselves  from  a  vertical  orientation  to  one  which 
looks  at  what  the  industry  next  door  has.  I  certainly 
hope  that  in  the  next  couple  of  days,  we  all  will 
benefit  from  looking  at  different  combinations  of 
technologies  to  detect  explosives. 


6.  DOCUMENTATION 

My  next  point  is  that  I  think  we  need  better 
documentation.  I’m  not  a  documenta'tion  freak.  You 
can  overdo  that.  I  came  out  of  the  Defense 
Department  and  they  do  that  fairly  well  over  there. 
But,  in  our  field,  I  see  a  paucity  of  things  in  writing, 
records,  plans,  and  solid  descriptions  of  the  testing 
and  evaluation  we  do. 

We  put  together,  and  some  of  you  will  be  seeing  it 
soon,  a  program  plan  —  a  real,  good,  solid,  detailed 
plan  --  which  details  who  we  are,  where  we  are, 
where  we  are  going,  and  how  long  we  think  it  is 
going  to  take  to  get  there.  It’s  primarily  a  technology 
book  and  a  road  map  to  achieve  success  using  the 
best  we  can  get  from  our  existing  capabilities. 

This  program  plan  will  help  our  six  program 
managers  to  better  develop  program  management 
plans,  and  to  determine  in  what  direction  they  will  go 
in  their  various  disciplines.  It  will  give  us  better 
doctrine  and  protocols  for  test  and  evaluation.  We 
need  that  documentation  very  badly,  and  we're 
working  very  quickly  to  develop  it. 


7.  TEST  AND  EVALUATION 

I  mentioned  test  and  evaluation  earlier.  Let  us  take 
a  look  at  the  Service  that  1  run  right  now. 


We  have  a  Test  Director,  who  is  preciously 
mdq>eadeat  from  the  program  managers.  They  need 
to  satisfy  him  in  readying  their  projects  for  tests. 
Our  test  approach  is  very  objective:  we  ask  all  the 
bad  questions  and  tell  the  truth,  which  is  exactly  what 
I  want  to  see  happen  in  my  service. 


8.  SECURITY  R&D  LABORATORY 

Harvey  mentioned  the  security  laboratory.  One  fear 
that  I  have  is  that  we  will  open  the  door  and  nobody 
will  come.  Therefore,  we’re  putting  together  a 
utilization  plan  for  the  laboratory.  I  invite  all  of  you 
on  a  "knock  and  enter"  basis  to  come  and  use  our 
laboratory,  talk  to  us,  and  work  with  us. 

What  a  tremendous  facility  it  will  be.  This  is  the  first 
time  that  a  building  will  be  erected  from  the  ground 
up,  solely  for  the  purpose  of  research,  development, 
test,  and  evaluation  on  security.  It  certainly  is  going 
to  have  a  lot  of  utility. 

Along  that  line,  I  would  like  to  mention  some  other 
areas  that  we  need  to  be  aware  of:  airport  design, 
human  factors,  training,  integration  of  systems,  and 
aircraft  hardening. 


9.  SYMPOSIUM  DISCIPLINE 

I  want  to  mention  something  about  the  conduct  of  our 
symposium.  We  are  very  concerned  about  the  tight 
schedule  of  our  symposium.  We  could  easily  lose 
control  of  this  program  if  we  don’t  maintain  a  tight 
schedule  and  good  discipline.  There  are  three 
particular  groups  of  participants  that  I  need  to  address 
these  remarks  to:  the  briefers,  the  session 
chairpersons,  and  those  asking  questions. 

We  took  a  hard  look  at  how  we  wanted  to  run  this 
symposium  and  at  what  we  wanted  to  achieve. 
Certainly,  we  want  a  lot  of  good  dialogue.  We  want 
to  increase  awareness,  and  we  want  to  see  the 
surfacing  of  new  thoughts  on  detection  technologies. 
We  hope  to  open  up  minds  and  get  good  back  and 
forth  discussions  to  identify  better  ways  of  detecting 
explosives. 

But  we  also  need  good  symposium  discipline. 
Primarily  to  the  briefers:  when  your  schedule  says 
fifteen  minutes,  please  keep  your  delivery  to  fifteen 
minutes.  Secondarily,  to  the  chairpersons:  I  don’t 


think  we’ve  set  any  flashing  lights  or  anything,  but  I 
need  the  chairpersons  to  take  charge  of  their 
segments,  to  be  dynamic,  and,  if  you  have  to,  give 
people  the  hook.  Stand  up,  turn  off  the  mike,  or 
whatever,  but  I  don’t  want  to  see  this  conference 
going  on  two  or  three  hours  into  ev^iing  overtime. 
This  will  disnqrt  pet^le’s  schedules  and  this  really 
hurts.  But,  most  in^witantly,  we  all  must  watch  the 
time  as  we  ask  questions. 

Maybe  there  is  a  hot  question  that  you  would  like  to 
get  some  visibility  for  or  articulate.  If  you  can’t 
because  there’s  no  time,  see  that  person  later.  We’re 
all  going  to  be  here  for  the  next  three  days.  Get  the 
iqjeaker’s  card,  talk  to  him  or  her,  and  work  it  that 
way.  I  hope  you  all  ask  challenging  questions,  push 
these  people,  try  to  find  the  optimum  technology,  and 
discuss  how  we  can  put  it  all  together. 

In  closmg,  1  want  to  plug  some  other  synqrosiums 
that  will  be  coming  up  next  year.  They  are  as 
follows: 


1)  National  Energetic  Materials  Workshop 

•  Golden  Inn  Hotel:  Avalon,  New  Jersey 

•  April  14-17,  1992 

2)  Internal  Blast  &  Aircraft  Container 

Hardening  Workshop 

•  FAA  Technical  Center 

•  April  29-30,  1992 

3)  Industry  Day 

o  FAA  Technical  Center 

•  June  1992 

4)  Physics  &  Engineering  of  Advanced 

Detectors  and  Collection  Focusing 
Systems 

•  San  Diego,  California 

•  July  19-24,  1992 

5)  Aircraft  Hardening  Symposium 

•  Atlantic  City,  New  Jersey 

•  August  1992 

6)  Second  Annual  Symposium  on  Explosive 

Detection  Technology 

•  Atlantic  City,  New  Jersey 

•  November  1992  or  1993 
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7)  Technical  Symposium,  OPTCON  ’92: 
"Applications  of  Signal  and  Image 
Processing  in  Explosive  Detection  Systems" 

•  Boston,  Massachusetts 

•  November  15-20,  1992 

I  intend  to  be  here  for  the  next  three  days,  day  and 
night.  1  want  you  to  come  and  ask  me  questions. 
And  if  you  don’t  get  an  opportunity  to  do  so,  or  you 
think  of  something  later,  please  give  me  a  call. 

At  this  time,  I  would  like  to  thank  you  all  for 
attending.  I  am  looking  forward  to  a  very  fruitful 
two  and  a  half  days  work.  Thank  you. 


KEYNOTE  ADDRESS 


Vice  Admiral  Clyde  E.  Robbins,  Director 
Office  of  Intelligence  and  Security 
United  States  D^iartmeot  of  Tran^rtaticm 
Washingtcn,  DC 


Good  morning.  I’m  delighted  to  be  here.  I’m  always 
a  little  reluctant  to  hand  out  my  biography  because  it 
is  somewhat  misleading.  What  it  really  says  is  that 
I  can’t  hold  a  job. 

I  have  nooved  around  a  number  of  times.  The 
experiences  I  had  in  Alaska  with  the  Exxon  Valdez 
were  very  educational,  and  then  the  earthquake  that 
followed  led  to  an  interesting  sequence  of  events. 

While  I  worked  for  six  months  at  the  Exxon  Valdez 
oil  spill  site  as  the  on-scene  coordinator,  I  had  many 
visitors.  Some  were  repeaters,  and  one  of  those 
repeaters  was  Vice  President  Dan  Quayle.  He  was 
up  there  twice,  and  I  briefed  him  both  times.  Then 
we  went  out  and  looked  at  the  shorelines,  at  the  oil, 
at  the  birds,  and  at  one  thing  or  another.  I  got  to 
know  him  a  little  bit  and  thought  that  he  would 
probably  forget  me  rather  quickly.  In  some  ways,  I 
was  hoping  he  would  because  of  what  was  going  on 
up  there. 

I  went  back  to  San  Francisco  in  October.  I  had  been 
there  about  three  weeks  when  the  earthquake  bit,  and 
I  became  the  Federal  Emergency  Transportation 
Coordinator.  Of  course,  the  Vice  President  came  to 
visit  me  again.  We  met  again,  and  were  waiting  for 
Secretary  Skinner  to  arrive  when  he  took  me  aside. 
He  looked  around  to  make  sure  there  weren’t  any  live 
microphones  and  said,  "Doesn’t  anything  good 
happen  where  you  are?" 

I  had  been  in  this  job  for  just  over  a  month  when 
Saddam  Hussein  marched  into  Kuwait,  so  I  do  not 
think  good  things  happoi  where  I  am.  Therefore,  if 
you  want  to  leave  now,  it’s  OK.  I  understand. 

After  Saddam,  I  think  things  have  cooled  down  a  bit, 
and  I  am  honored  to  be  here  today  as  your  speaker. 
This  is  a  distinguished  group,  and  it  is  one  that  is 
extremely  important.  In  many  ways,  you  and  your 
colleagues  hold  my  future  in  your  hands. 


Pan  Am  103  has  done  a  number  of  things,  not  only 
fortfaisnation,  but  for  other  lutions  as  well.  Perhaps 
most  inqrortantly,  it  let  us  know  how  vulnerable  we 
all  are.  It  brought  a  shocking  revelation  home  to 
many  fiunilies  in  the  United  States  —  the  world  we 
live  in  is  pretty  dangerous. 

The  location  and  magnitude  of  the  disaster  focused 
the  attentirm  of  the  world  on  terrorism  as  no  other 
event  ever  had. 

Sometimes  I  think  that  when  the  United  States  finally 
gets  involved,  things  will  begin  to  happen. 
Otherwise,  they  don’t  seem  to.  It’s  pretty  easy  to  put 
those  events  aside  when  they  happen  in  a  desert  in 
Africa,  the  Indian  Ocean,  or  places  like  that. 

But  I  stand  here  before  you  today  because  of  the 
indiscriminate  killing  of  people  on  Pan  Am  103.  My 
office  was  formed  as  a  re^t  of  the  Pan  Am  103 
incident  and  the  inqwct  it  has  had  on  the  international 
transportation  system.  There  was  a  perception,  and 
probrtly  rightfully  so,  that  the  Department  of 
Tran^rtation  had  not  put  enough  emphasis  on 
security.  The  President,  the  Secretary,  and  the 
Congress  knew  that  it  was  dme  for  something  to  be 
done. 

I  don’t  think  for  a  minute,  and  I  hope  that  no  one 
else  does,  that  when  they  appointed  me  to  this  job,  1 
would  solve  the  problem  of  terrorism  or  eliminate  the 
threat  to  the  tranqwitatioa  system.  Merely  assigning 
new  people  or  new  positions  isn’t  going  to  make  the 
problem  go  away.  If  it  was  so  easy,  it  would  have 
been  done  before. 

Fortunately,  strikes  against  the  airlines  and  odier 
transportation  systems  have  been  isolated  events  since 
Pan  Am  103.  As  a  matter  of  fact,  there  have  been 
no  attacks  against  U.S.  airlines  since  then.  Only 
incidents  in  ticket  offices  and  an  occasional  incident 
in  a  parking  lot  have  occurred.  Folks,  I’m  here  to 
tell  you  that  isn't  going  to  last. 
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That  s  the  way  I  have  to  plai^.  I  have  to  plan  as  if 
this  is  not  going  to  last  because  the  chances  are  that 
I’m  ctwrect.  I  think  we  need  to  expect  a  terrorist 
action  any  time,  anywhere,  and  we  must  be  prq>ared. 

Terrorists  have  us  at  a  great  disadvantage.  They  can 
sit  back.  They  can  watch.  They  can  wait.  And  they 
can  do  that  very  well.  They  can  study  our  systems. 
It  doesn’t  matter  how  confidential  or  secret  we  make 
them.  They  can  find  our  weak  spots  and  attack,  or 
they  can  develop  new  equipment  that  will  thwart  the 
methods  that  we  have  in  place. 

Explosives  are,  of  course,  their  weapon  of  choice  at 
this  point.  They  can  plant  them,  and  they  can  be 
gone,  and  that  is  what  they  want  to  be  ~  gone. 

They  don’t  want  to  be  caught.  They  aren’t  heroes. 
They  are  criminals.  I  consider  the  development  of 
explosive  detection  devices  [EDDs]  crucial.  It  really 
is  urgent.  But  if  it  is  so  urgent,  why  has  progress 
been  so  slow? 

Before  I  try  to  answer  that  question,  let  me  give  you 
a  scenario  that  will,  I  hope,  get  EODs  into  the  Held 
faster. 

1  think  a  detection  system  has  to  be  just  that  ~  a 
system.  It  has  to  be  a  group  of  detectors.  Some  of 
it  may  be  equipment  and  some  of  it  may  be  people, 
but  it  has  to  be  a  system  that  we  put  together.  We’ie 
playing  catch-up  ball,  of  course,  but  that  is  not  a 
reason  not  to  move. 

1  would  not  like  to  concentrate  on  the  past  other  than 
what  we  can  learo  from  it.  Rather,  let  us  fake  the 
time  we  have  together  to  see  if  we  can  improve  the 
future. 

1  know  that  the  Department  of  Trat..^rtaUoa  and  the 
FAA  are  ready  to  listen.  You  arc  the  experts.  You 
can  help  us  solve  the  problem.  I  hope  it  will  be  the 
kind  of  cor^rerative  arrangefflent  that  was  tucnttooed 
earlier;  we  help  you  and  you  help  us  solve  the 
problem. 

In  terms  of  the  development  of  EDDs  and  why  they 
are  so  urgent,  I  want  to  tidk  a  little  hit  about  our 
shortcomings.  I  will  keep  it  general  because  1  am  nm 
sure  how  secure  this  facility  is  and  I  would  not  like 
to  publicize  all  of  our  weak  .spots.  Nevertheless,  I 
have  to  tell  you  that  the  explosive  detection 
equipment  that  we  have  out  there  today  leaves  a  lot 
to  be  desired. 


Now,  that’s  a  blinding  flash  of  the  obvious  to  most  of 
you.  I  think  that  things  like  X-rays,  as  we  have  them 
today,  are  very  limited.  Furthermore,  some 
operators  aren’t  very  well  trained. 

I  was  recently  in  a  foreign  country  and  visited  one  of 
the  airports  where  there  had  been  a  problem.  The 
barriers  around  the  airport  were  not  very  good,  and 
they  were  not  keqiing  people  out.  There  bad  been  a 
lot  of  construction,  so  there  weren’t  any  good  fences 
and  the  patrolling  was  not  very  good.  I  had  promised 
that  I  would  get  over  there  in  a  couple  of  months  to 
look  at  it  because  they  were  working  with  rear  ends 
and  elbowr  trying  to  get  it  fixed. 

I  wort  over  there  a  few  weeks  ago  and  saw  a  vast 
difference  from  what  I  bad  seen  before.  They  had  put 
the  fences  back  up,  and  they  had  more  than  tripled 
the  number  of  people  responsible  fur  security.  It 
really  looked  good.  1  thought  that  this  airport  had 
really  gotten  its  act  together. 

The  next  day,  I  was  getting  ready  lo  leave  the  city 
and  go  to  another  one,  and  I,  like  most  of  you,  had 
to  wait  in  the  airport.  I  don’t  know  what  you  do 
when  you’re  in  an  airport,  but  I  watch  to  see  how  the 
security  system  looks  from  the  passenger's 
standpoint. 

They  bad  all  of  the  screening  people  there,  and  they 
had  two  areas  where  they  were  screening  passengers. 
There  were  only  a  few  passengers,  however.  While 
dtere  were  a  few  passengers  dribbling  in,  you  only 
saw  two  or  three  acreeners  actually  doing  things. 
The  other  three  or  four  screeners  were  standing 
around  goofing  off.  They  were  telling  stories,  and 
pr^ty  soon  all  five  or  six  of  them  wore  goofing  off 
and  telling  stories. 

As  we  were  going  through  the  screening  point,  1  saw 
a  guy  go  through  with  a  briefcase,  set  off  the  alarm, 
and  keep  right  on  walking.  No  one  said  a  word  to 
him.  They  had  a  great  phy.sical  security  system 
complt^y  short-ciieuitod  by  ituitentive  screenors 
standing  the  watches. 

Interestingly,  that  system  got  much  bettor  Uwrtly 
aRer  that  when  more  pasuicngers  began  to  come 
through.  They  opened  both  screening  points  and 
divided  the  &:roenen!  in  half.  There  were  half  a.s 
nuny  scrcenent  to  goof  off,  and  they  suddenly  got 
intererted  in  what  they  were  doing  and  began  doing 
a  pretty  good  job. 
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That  is  the  Idiid  of  thing  we  are  fwed  with.  Tlw 
whole  system  must  work  if  we  are  going  to  be 
successful.  What  we’re  trying  to  do  isn’t  really  like 
finding  a  needle  in  a  haystack;  it  is  more  like  finding 
a  needle  in  the  Pacific  Ocean  because  there  is  a  large 
volume  of  material  and  people  that  pass  through 
airline  terminals  that  aren’t  carrying  bombs. 

Let’s  ftce  it,  if  we  had  to  rely  cm  the  curreiit 
state-of-  thc-art  EDDs,  I  would  not  sleep  very  much. 
What  we  have  to  rely  on  is  a  number  of  measures, 
not  the  least  of  which  is  profiling,  to  protect  the 
transportation  system  from  wculd-be  bontbers. 

Perhaps,  for  just  a  second,  1  should  talk  about  the 
threat.  I  would  like  to  talk  about  the  threat  in  the 
right  circumstances  because  I  think  everyone  should 
realize  that  there  is  a  threat  out  there. 

We  haven’t  done  a  great  deal  to  lower  that  threat. 
Yes,  perhaps  it  is  a  lot  better  than  it  was  before  the 
Gulf  War  because  there  has  been  a  lot  of  activity  in 
countries  to  take  action  against  would-be  terrorists. 
State  sponsors  of  terrorism  are  standing  aside, 
waiting  to  see  what  is  going  to  happen  in  the  world 
situation.  Unfortunately,  terrorism  is  the  voice  of  the 
downtrodden,  so  we  have  to  be  prepared.  It  could 
happen,  as  1  said  earlier,  at  any  time.  That  is  why  I 
think  the  development  of  EDDs  is  so  impoitant  and 
so  urgent. 

The  development  of  EDDs  is  a  tough  problem  to  deal 
with.  1  don't  need  to  tell  you  that.  In  addition,  we 
haven’t  put  imich  money  into  security  in  past  yean, 
though  we  have  increased  it  signineantly  in  the  last 
two  years.  I  am  hoping  that  the  1993  budget  will  be 
very  good  for  R&D  and,  of  course,  (hat  much  of  that 
money  goes  to  the  FAA  Technical  Center. 


One  of  the  things  that  we  haven’t  dune  very  svell  ia 
let  the  industry  know  esactly  what  the  future  holds. 
No  one  is  «ger  to  j^iend  money  developing 
equipment  and  concepts  if  they  don't  think  (hat  there 
is  any  money  (hero.  Companies  are  not  in  business 
as  an  idtiuislic  adventure,  as  you  well  know.  They 
are  in  it  for  (he  money.  If  we  don't  provide  (he  right 
atmorqdiefe  for  the  development  of  the  equipment  and 
(he  arrangements  for  getting  it  in  place  -  and  1  hastot 
to  say  (hat  foreign  countries  have  done  brtter  than  we 
have  in  (his  regard  -  (hen  we  can't  expect  too  much 
otU  of  the  industry  worldwide. 


Over  (he  last  yeu.  I’ve  seen  that  situation  change  to 
some  extent.  The  development  of  explosive  detection 
devices  has  become  a  growth  industry.  We  probably 
haven’t  matched  diit  growth  with  a  clear  signal  as  to 
what  is  going  to  happen  with  that  equipment.  We 
need  to  change  diat,  and  we  will. 

I  think  either  Harvey  or  Paul  said,  ‘In  this  business, 
there  is  no  silver  bi^et.  *  You  all  know  that.  There 
will  not  be  me  piece  of  equipment  that  we  can  put 
iuto  the  field  that  will  solve  all  of  our  problems. 
That  should  be  eocoungement  for  everybody  in  the 
field  to  work  on  equipment  that  they  think  will  do 
part  of  the  j<d). 

When  I  talk  about  a  system,  then,  I  am  talking  about 
a  number  of  pieces  of  equipment.  Again,  we  are 
&ced  with  a  question:  What  criteria  must  the 
components  meet  in  order  to  be  afqrroved  by  the 
FAA  for  use? 

There  are  those  among  you  who  have  said  to  me  that 
your  equipment  would  be  useful  if  FAA  would  only 
approve  it.  Airlines  are  saying  that  they  are  not 
going  to  buy  equipment  until  it  is  approved  or  until 
(be  FAA  signais  what  (he  future  bolds  for  them.  The 
FAA  has  been  reluctant  to  approve  equipment  which 
may  be  obsolete  next  year  or  two  years  from  now  or 
to  approve  equipment  that  is  only  partially  successful. 

So  where  ate  we  going  with  this?  I  met  recently  with 
the  victims  of  Pan  Am  103.  One  of  the  points  the) 
made  wu  that  they  foil  my  job  is  to  get  something 
out  into  the  field  as  quidcly  as  possible.  Whether  it 
vrorfcs  100  percent,  or  maybe  ody  SO  or  25  percent, 
it  might  be  better  than  what  we  have  today. 

We  don't  have  to  wait  for  (he  perfect  piece  of 
equipment.  Adndiil  Gorshkov  of  the  Russian  Navy 
once  said  that  *betler‘  ia  the  enemy  of  ‘good 
enough,*  and  he  waa  absolutely  right.  We  have  to 
get  some  equipment  out  there  and  get  it  in  operation 
soon.  And  we  have  to  do  it  in  a  way  that  won’t 
discownge  indurtiy  from  continuing  to  develop  better 
equipment.  That’s  a  (all  order. 

1  don't  propose  forcing  specific  equipment  on 
airlines.  I  want  to  leave  some  flexibility.  I 
know  they  are  eager  to  get  better  equipmeia 
themselves.  The  last  thing  that  they  want  to  have  is 
a  bombing  on  one  of  their  airplanes. 

What  I  propose  is  that  we  have  a  long-range  goal. 
Perhaps  etntmdded  in  that  are  some  short-range  goals 
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that  will  help  you  do  the  job  better.  That  kind  of 
approach  led  to  the  development  of  the  airplane.  Just 
suppose  the  Wright  Brotheis  waited  until  the  plane 
they  built  was  big  enough  to  fly  across  the  Atlantic 
before  they  undertook  their  first  flight.  We  would 
probably  still  be  searching  for  something  that  would 
fly. 

We  have  to  walk  before  we  can  run.  We  need  to  put 
in  place  an  approval  process  so  that  equipment,  which 
may  not  do  everything  for  everybody,  will  bo 
significantly  bettei  than  what  we  have  right  now. 

As  significantly  better  equipment  is  developed,  we 
must  have  a  syrtem  that  can  accqit  it  without  cauaiBg 
a  great  economic  impact.  Phase  in.  Phase  out. 
Grandfathering.  There  are  a  number  of  ways  we  can 
do  that. 

To  lay  out  this  scenario  a  little  bit  more  carefully,  we 
will  make  an  assumption.  There  is  no  silver  bullet, 
llierc  is  no  one  solution  to  security.  Security  dun 
will  be  based  on  performance  standards.  Flexibility 
will  have  to  prevail. 

I  will  urge  the  FAA  to  set  up  a  system  of  approval 
for  specific  pieces  of  equipment  or  procedures.  Each 
airline  or  airport  could  then  use  different  pieces  of 
equipment  for  its  security  system.  Using  the 
performance  standards,  the  plans  for  using  equipment 
and  procedures  to  meet  standards  would  be  submitted 
(o  the  FAA  for  approval. 

Following  the  approval,  the  equipment  would  be 
bought  and  installed.  As  experience  was  gained, 
modificaiioos  to  plans  would  be  submitted  to  the 
FAA  for  ai^irovcl  as  well. 

There  are  certainly  some  downsides  to  such  a  flexible 
approach.  We  would  have  what  seme  would  describe 
u  a  'hodgepodge*  of  equipment  and  mdhodi  at  the 
airport  UuU  would  oc  difficult  for  the  FAA  to 
monitor. 

But,  to  be  sucemful,  the  FAA  must  haw  a  flexible 
approach,  and  I  think  they  wilt.  My  discussions  with 
Genera!  Steele  (FAA  Assrslant  Adninistnior  for 
Qvil  Aviation  Security]  certainly  indicated  that  be 
recognizes  that. 

1  am  delighted  that  the  Technical  Center  and  the  FAA 
are  holding  this  symposium.  I  think  it  is  a  good  first 
step.  1  can't  stress  to  you  enough  the  impoitaiKe  of 
finding  a  solution  to  Uus  problem.  I  hope  we  all 


come  away  with  a  better  understanding  of  the 
problem  and  at  tea.st  a  peek  at  the  solution. 

We  can’t  afford  to  fail.  We  must  not  succumb  to  the 
criminal  element  that  terrorizes  the  public  in  an 
attempt  to  force  us  to  submit  to  its  terms.  They  are 
criminals.  They  are  not  heroes.  They  are  the  scum 
of  the  earth,  and  we  need  to  track  them  down  and 
bring  them  to  justice  in  one  way  or  another.  President 
Reagan  stated  it  very  well  when  he  said,  ‘They  can 
nm,  but  they  can’t  hide.  *  I  think  most  nations  are 
now  pulling  together  to  try  to  track  down  these 
tenorists.  If  all  nationa  get  on  board,  solving  the 
terrorism  problem  will  be  a  lot  easier. 

In  the  meantime,  developing  detection  eqiiipment  is 
urgent.  Let’s  work  together,  and  I  think  we  will  find 
the  solution.  Thank  you  very  much. 
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ROLE  OF  ADV4NCED  TECHNOLOGY 
IN  THE  SECURITY  OF  SURFACE  TRANSPORTATION 


Bernard  B.  Boubli 
Head  of  Security 
Eurotunnel 


1.  FREAMBLE 

First  of  all,  let  me  set  the  stage.  Privileged  with  the 
honor  of  addressing  this  very  learned  assembly  is  a 
man  who  was  ensconced  in  the  United  Nations 
system,  wrapped  in  a  dignified  international  civil 
servant  robe  and  quite  content  with  the  prudtait 
rhythm  of  progress  of  world  affairs.  For  the  past 
two  years  I  have  been  thrust  into  the  roller-coaster  of 
the  industrial  arena,  somewhat  naked,  but  with  the 
same  resolve  to  serve  secu  ?ty  in  its  broadest 
confines.  I  have  thus  taken  the  plunge  from  40.000 
feet  to  somewhere  around  100  feet  below  the  sea  bed 
and  much  to  my  surprise  and  relief  have  found  the 
security  equation  to  be  broadly  the  same  in  its  basic 
principles. 

2o  SECURITY  -  THE  UNINVITED  GUEST  ^ 

Like  taxes  and  death,  security  is  unavoidable  in  any 
transportation  enterprise.  It  is  c'ften  spoken  of  in  the 
awed  tones  usually  reserved  for  religious  experiences 
and  natural  disasters,  and  the  question  of  its 
implemeniatlott  is  a  financial  porcupine  which  bristles 
with  difficulties  a<'  soon  as  it  is  touched. 

The  measure  of  its  success  is  when  a  few  years  down 
the  road,  top  management  concludes  that  considerable 
amounts  of  money  have  been  spent  needlessly  as 
nothing  has  happened  after  ail. 

Security  costs  money  and  has  little  to  show  for  .n  It 
intrudes  and  irritates  by  rearing  its  unwelcome  head 
at  the  least  opportune  moments  bringing  along  'he 
need  for  that  extra  capital  outlay,  from  a  quester 
often  suspected  of  mild  paranoia. 

It  is  perceived  as  abusive,  cutting  across  boundaries, 
ruffling  the  neatly  patterned  feathers  of  well  thought 
out  organizational  charts,  treading  on  sensitive 
political  toes  and  shamelessly  trespassing. 

All  this  is  conventional  wisdom. 


In  reality,  security,  like  the  medical  discipline, 
concerns  itself  with  prevmition  and  protection  of  one 
and  all,  calling  upon  the  use  of  similar  equipment 
through  diagnosis,  prophylactic  measures, 
containment  and  healing.  In  Uie  process  it  intrudes  in 
an  otherwise  perfectly  happy  life,  enuring  the  petty 
vices,  meddling  in  routine  habits,  and  confining  the 
patients  to  unv^'elcome  enforced  patterns. 

Not  heeding  medical  advice  entails  personal  risk. 
Not  heeding  security  advice  entails  collective  risk. 

This  moderately  long  introduction  was  somewhat 
subliminal  in  nature,  as  it  conveyed  to  the  sub-surface 
the  main  components  of  this  presentation,  namely: 

•  The  Threat  Assessmmit 

•  The  Regulatory  Framework 

•  The  Technological  Dimension 

•  The  Human  Factor 

•  The  Financial  Hurdles 

Before  embarking  on  brief  dissertations  on  these 
points,  let  me  say  how  difficult  it  has  been  to  write 
anything  down  which  would  not  fall  within  the  realm 
of  plagiarism,  in  the  light  of  the  U.S.  Office  of 
Technology  Assessment  (OTA)  report  "Technology 
Against  Terrorism:  the  Federal  Effort".  It  is  a 
superb  document  which  steals  the  thunder  from  any 
presentation  and  makes  one  wonder  why  he  is  here, 
monopolizing  the  floor  time  so  generously  awarded 
by  the  organizers  of  this  symposium.  I  therefore 
retreated  to  the  iniemational  arena,  an  arena  I  know 
well.  In  spite  of  a  few  hidden  skeletons  in  closets, 
one  or  two  of  which  1  was  instrumental  in 
concealing,  1  still  believe  it  is  the  avenue  that  will 
ultimately  lead  to  an  enduring  solution  to  the 
problems  at  hand  through  international  cooperation 
which  will  foment  the  indispensable  political  will. 
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3.  ROOTS  OF  THE  EUROPEAN  TERRORIST 
THREAT 

Terrorism  has  ancient  roots,  with  precedents  in 
written  history  going  back  at  least  to  Roman  times 
wh«t  religious  and  nationalist  groups  us<»l  directed 
'•mdorn  acts  of  violence  to  oppose  Reman 
domination.  The  OTA’s  "Technology  Again^ 
Terrorism*  rqmrt  notes  that: 

"There  are,  across  the  worid,  persistent 
conflicting  political,  social,  and  economic 
claims.  Moreover,  there  will  probably 
always  exist  frustrated  and  unstable 
individiuds,  delighted  to  devise  an 
ideological  or  theological  excuse  to  commit 
uncrmscionable  acts." 

Unfortunately,  Europe  has  a  long  history  of  being  a 
staging  ground  for  such  individuals. 

The  end  of  the  cold  war  east-west  crmflict  will  not 
md  or  even  reduce  terrorism  in  Europe.  The 
breakup  of  the  Soviet  Union  and  the  end  of  its 
domiiution  over  Eastern  Europe  is  likely  to  make 
terrorist  acts  even  more  dangerous  and  unpredictable. 
Competing  nationalist,  ethnic,  and  religious  groups 
are  likely  to  renew  old  rivalries. 

These  problems  are  not  likely  to  remain  in  check 
within  foe  territorial  borders  controlled  by  competing 
factions,  but  will  almost  certainly  result  in  terrorist 
acts  in  Europe  at:d  other  parts  of  foe  world. 

The  movement  of  refugees  from  struggling  Eastern 
European  countries  to  more  prosperous  Western 
European  countries  including  Britain  and  France  will 
create  stresses.  There  will  be  high  unemployment 
among  foe  refugees  until  they  can  be  settled,  and 
there  are  likely  to  be  right-wing  nationalist  backlash 
movements  in  those  countries  where  the  refugees 
threaten  to  displace  existing  workers  from  their  jobs. 
The  refugee  movements  across  European  national 
boundaries  will  provide  a  cover  for  terrorists  posing 
as  refugees. 

3.1  The  Nudear  Threat 

Up  to  this  point  we  have  implicitly  assumed  that  a 
terrorist  threat  would  be  conventional  explosives  or 
armaments.  We  cannot  ignore  a  nuclear  threat. 
Grave  damage  could  be  done  without  detonating  a 
nuclear  weapon  within  foe  target.  Successfiilly 
positioning  an  artifact  and  holding  foe  fwility  and 
people  in  it  hostage  would  give  tenorists  foe  means 


to  force  their  will  upon  us.  The  threat  of  foe  release 
or  dispersal  of  radioactive  materials  including 
radioactive  medical  isotopes  or  nuclear  waste,  is  also 
a  threat  which  cannot  be  ignored. 

How  real  is  foe  nuclear  threat?  The  "Tedmology 
Against  Twrorism*  rqmrt  chillingly  states  foat: 

"The  i^tectre  of  nuclear  terrorism,  such  as 
foe  theft  or  detonation  of  a  nuclear  bomb, 
foe  use  of  fissionable  material  or  intensely 
radioactive  waste  as  a  radioactive  poison,  or 
foe  seizure  or  sabotage  of  nuclear  facilities, 
is  seen  by  many  experts  as  plausible  and  by 
others  as  inevitable." 

At  this  point,  a  thought  comes  to  mind:  even  though 
illicit  narcotic  substances  do  not  create  a  hazard  with 
the  same  degree  of  immediacy  as  that  of  an 
explosion,  they  nevertheless  cause  profound  damage 
to  foe  very  fiforic  of  society  and  may  be  considered 
as  foe  ultimate,  most  sophisticated  and  enduring  form 
of  terrorism  ever  devised. 

3.2  Inadvertent  Threats 

Security  must  also  tale  into  account  inadvertent 
threats  to  foe  security  of  an  installation.  Inadvertent 
threats  are  those  where  the  driver  of  a  truck  or  other 
vehicle  may  unbeknownst  to  him  be  carrying 
substances  which  constitute  a  threat. 

In  many  instances,  foe  driver  is  not  even  aware  of  foe 
nature  of  foe  cargo  or  of  foe  potential  danger  when 
transporting  items  foat  are  corrosive,  toxic,  or 
potentially  explosive  in  a  high  speed  transportation, 
variable  pressure  environment. 

4.  THE  REGULATORY  FRAMEWORK 

In  1988,  during  a  revision  of  Annex  17  to  foe 
Chicago  Convention,  foe  International  Civil  Aviation 
Organization  (ICAO)  introduced  two  new 
recommendations  which  for  foe  first  time  alluded  to 
research  and  development  (R&D)  and  technology  in 
an  international  instrument. 

These  recommendations  dealt  with  foe  need  at  foe 
national  level  to  promote  R&D  of  new  security 
equipment,  and  at  foe  international  level  to  encourage 
cooperation  through  the  pool  of  efforts  in  this  Held  in 
recognition  foat  foe  answer  to  curb  acts  of  unlawful 
interference  would  be  tributary  to  tedmological 
advances. 
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"Each  Contractbg  State  should  promote 
whenever  possible  research  and  development 
of  new  security  equipment  which  will  better 
satisfy  international  civil  aviation  security.* 

"Each  Contracting  State  should  cooperate 
with  other  states  in  pooling  their  efforts  in 
the  field  of  research  and  development  of 
new  security  equipment  which  will  better 
satisfy  international  civil  aviation  security 
objectives. " 

This  little  noticed  amendment  to  Annex  17  marks  a 
quantum  leap  in  the  progress  of  the  security 
discipline,  recognizing  that  beyond  law  making, 
directives,  procedures  and  international  agreements, 
the  reliance  on  advanced  technology  had  finally  been 
acknowledged  by  the  international  community. 

Unfortunately,  no  such  formal  international  law 
making  exists  for  other  modes  of  transport,  such  as 
surface/maritime  where  the  size  of  the  containers  to 
be  examined  dwarfs  the  airlines  passengers*  hand  or 
checked  baggage  and  even  the  freight  pallets. 

Before  exiting  this  very  brief  foray  in  the  regulatory 
framework  I  wish  to  leave  you  with  a  thought  about 
the  battle  we  are  facing:  while  a  full  fledged 
international  instrument  has  recently  been  adopted 
dealing  with  the  marking  of  explosives  to  enhance 
their  detectability,  plastic  weapons  are  being 
developed  unabated  and  marketed  by  legitimate  firms 
to  defeat  the  technology  deployed  to  detect  them. 
Indeed,  food  for  thought  about  our  modem  society. 

5.  THE  TECHNOLOGICAL  DIMENSION 

This  field  is  plagued  by  a  proliferation  of  vocabulary 
where  "existing"  technology  is  assumed  to  be 
"proven"  technology  or  where  "shelf"  technology  is 
assumed  to  be  "mature",  not  forgetting  "down 
scaling"  mistaken  for  "downgrading". 

Wholesale  judgments  are  often  uttered  about  such  or 
other  technology  as  colored  by  the  vendor’s  more  or 
less  successful  pitches. 

An  exchange  of  information  on  evaluation 
methodologies  on  national  and  international  levels 
would  save  much  time  and  effort  to  all  concerned. 

a)  It  would  facilitate  the  exchange  of 
meaningfiil  test  results  yielding  knowledge 


on  how  an  equipment  performs  because  the 
test  procedures  were  known. 

b)  Individual  testing  methodologies  would 
inqjFOve  and  the  best  test  method  would 
emerge  (firom  the  combination  of  many). 

c)  It  would  influence  the  setting  and 
revision  of  standards  in  a  constmetive 
manner. 

d)  It  will  prevent  sterile  duplication  of  work 
with  allocation  of  funds  to  other  pressing 
tasks. 

Different  test  methodologies  will  exist  for  different 
types  of  equipment.  Some  are  easier  and  more 
straightforward  to  define  (archway  metal  detectors), 
others  much  more  taxing  (explosives  vapor 
detectors). 

One  thing  is  certain  however:  it  is  far  easier  to 
define  a  testing  evaluation  methodology  than  it  is  to 
define  a  standard  (in  ca.se  of  vapor  detectors, 
probably  impossible).  Furthermore,  testing  equip¬ 
ment  to  a  methodology  gives  more  information  than 
checking  performance  against  a  standard. 

The  former  puts  competing  equipment  in  rank  order 
and  allows  the  choice  of  the  best  equipment  to  be 
made  for  the  specific  problem  encounter.  The  latter 
only  gives  the  information  that  the  equipment  in 
question  meets  a  minimum  performance  level  which 
may  or  may  not  be  relevant  to  the  problem  to  solve. 

This  brings  us  to  the  very  heart  of  this  symposium. 
There  is  no  such  thing  as  good  or  bad  technology. 
There  is  equipment  better  or  worse  suited  to  solve  a 
specific  equation,  regardless  of  the  intrinsic 
excellence  or  flaws  of  its  technological  foundation. 
The  "Technology  Against  Terrorism"  report  notes 
that  no  single  phenomenology  can  presently  provide 
a  high  probability  of  detection  of  explosive  devices 
and  other  hazardous  material.  A  combination  of 
sensors  using  different  phenomenologies  can  provide 
the  degree  of  security  required  in  any  particular  case. 

"....with  today’s  or  next  year’s  technology 
a  more  effective  and  imposing  system  can  be 
devised  by  combining  several  different  ways 
of  doing  the  same  thing  rather  than  relying 
on  only  one  technique.  In  combining 
technologies  the  strength  of  some  {....} 
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co\tld  conqjeosate  for  the  weaknesses  of 
others.  Such  a  systems  approach, 
combining  different  tedmologies  ....  would 
be  difficult  to  test  and  would  introdtice  great 
additional  uncertainty  for  die  terrorist*. 

"Uncertainty  to  die  terrorist*;  here  are  a  few  words 
woidi  pausing  to  reflect  on. 

The  randomness  of  terrorist  attacks  gives  the  illusion 
of  dieir  inflnite  ingenuity  and  our  boundless 
vulnerability,  discouraging  many  parties  into 
immobilism.  Turning  the  randomness  factor  against 
the  perpetrators  is  probably  the  single  most  powerful 
weapon  at  our  diqxisal  and  can  be  achieved  through 
increased  security  awareness,  but  above  all,  by 
keeping  the  terrorists,  as  much  as  possible,  with  the 
uncertainty  of  the  limitations  of  the  technology 
d^loyed:  nuclear  interrogatirai  methods  handsomely 
fit  the 

The  optimum  ^iproach  to  implementing  a  high- 
technology  security  system  employing  different 
complementary  sensor  phenomenologies  is  an  Open 
Architecture  combined  with  centralized  information 
processing  and  ccmtrol. 

The  Open  Architecture  philosophy  allows  system 
capabilities  to  be  increased  or  decreased  as 
examination  priorities  change  widi  changes  in  the 
perceived  threat.  The  Open  Aichitecture  philoso^y 
allows  the  configuration  to  be  modified  wiA  advances 
as  they  become  cost-effective  and  openUionally 
mature.  The  infonmtion,  processing  and  control 
capability  should  allow  integratio-i  of  sensor  and  data 
inputs  centrally  allowing  interaction  and  co-ordinarion 
with  Qovemment  Authorities  and  Law  Enforceoient 
Agencies  wdiose  efforts  are  concentrated  at  border 
crossing  or  other  sensitive  points. 

The  relevance  of  the  equipment  to  the  problem 
encountered  is  the  single  most  inqmrtant  issue  in  any 
selection  decision  and  is  mainly  governed  by  three 
interdqiendrat  parameters: 

a)  Weight  (amounts  to  be  detected) 

b)  Throughput  (time  allocated) 

c)  Retiability  (false  alarming) 

It  is  clear  that  for  an  aircraft  at  35,000  feet,  the 
amomtt  to  be  detected  must  be  as  small  as  possible 


because  of  the  consequential  phenomena  which  create 
greater  hazard  than  the  explosion  itself.  Time  is  also 
of  the  essence  if  commercially  tenable  throughput  is 
to  be  maintained.  Reliability,  directly  affected  by 
amount/time,  becomes  problematic. 

It  is  precisely  these  three  fectcws  at  flie  levds 
required  that  have  caused  die  techwdogical  hurdle  to 
die  development  of  the  ideal  eququneot  for  aviadon 
security. 

For  surfoce  tran^rtation,  the  critical  amount  to  be 
discovered  is  considerably  higher,  thus  easing  the 
pressure  on  the  two  other  factors  exponentially. 

Military  or  customs  anti-terrorist  activity  is  of  course 
less  dependent  on  any  of  the  three  factors:  any 
amount  will  do  if  it  can  be  discovered,  time  will  be 
taken  as  necessary,  wdiich  increases  dramatically 
reliability. 

5.1  Basic  Assianptisas 

•  The  main  objectives  of  terrorist 
organizations  are  to  publicize  their  cause  or 
to  undermine  the  authority  of  the 
Governments. 

•  To  achieve  both  objectives,  it  is  necessary  to 
perpetrate  their  attack  vidiile  the  target  is 
newsworthy  and  a  headline  maker. 

•  For  the  press,  the  glory  of  success  or  the 
aftermadi  of  a  tragedy  are  equally  material 
for  sensational  headlines  that  sell  copy. 

•  However  a  modest  amount  of  explosive 
would  be  .sufficimt  to  cause  damage,  a 
nuyor  Are,  a  derailment,  or  a  sequence  of 
incidents  resulting  in  tragedy. 

•  A  high  incidence  of  anonymous  threats 
entailing  mass  evacuation  would  have 
profound  negative  inqiact  cm  the  public, 
similar  to  that  resulting  from  an  actual 
explosion. 

•  For  this  reason,  while  it  is  imperative  to 
ptevmt  the  introduction  of  an  explosive 
device,  it  is  equally  imperative  to  ^  in  a 
position  to  manage  the  flow  of  anonymous 
threats  and  avoid  unnecessary  {Mnic  mass 
movemeats. 
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•  To  do  so,  it  is  necessary  to  have  in  place  a 
reliable  security  system  which  affords  the 
possibility  to  identify,  within  certain 
boundaries,  those  few  anonymous  calls  that 
ought  to  be  taken  seriously,  thus  avoiding 
repeated  disruption  of  traffic  flows  and 
maintaining  a  smooth  operation  {attem. 

•  There  is  no  such  thing  as  100%  security. 
The  time  fector  in  any  commercial  venture 
is  incompatible  with  acceptable  flows  and 
attempts  to  inclement  exhaustive  measures 
could  grind  the  system  to  a  halt  or  slow  it 
down  to  commercially  untenable  levels,  with 
the  same  negative  impact  a  physical  assault 
on  the  structure  would  have. 

•  It  is  therefore  necessary  to  seek  a  balance 
threat/reliability  which  a  happy  marriage 
between  technology  and  creative  procedures 
could  bring  about. 

•  A  particular  technology,  tailored  to  suit  the 
specific  equation,  would  go  a  long  way 
towards  ensuring  maximum  security. 
However,  the  resources  necessary  may  reach 
a  threshold  beyond  which  reasonable 
compromise  becomes  necessary. 

6.  THE  HUMAN  FACTOR 

The  security  system  must  be  designed  to  provide  an 
examination  capability  to  protect  the  facility  against 
terrorist  threats  and  against  the  intentional  or 
inadvertent  transport  of  corrosive,  toxic,  or  explosive 
materials.  The  options  are  the  use  of  human 
inspectors  to  physically  examine  selected  vehicles,  or 
high  technology  systems  using  sensors  and 
information  processing  systems  providing  data  to 
trained  analysts. 

It  must  be  capable  of  providing  an  inspector  with  the 
information  required  to  detect  and  identify  explosive 
and  toxic,  corrosive  materials  carried  in  a  vehicle. 
The  system  must  be  highly  reliable.  The  system 
must  be  capable  of  providing  consistent  results  under 
all  environmental  conditions  encountered.  The 
system  must  be  capable  of  a  high  throughput  without 
being  an  intiusion  and  a  nuisance. 

The  performance  of  human  inspectors  is  highly 
dependent  on  alertness  and  motivation.  Hot  or  cold 


temperatures  in  the  inqiectioa  area,  illness  or 
emotional  distress,  and  a  range  of  other  fiuitois 
impact  iD^>ectors’  effectiveness. 

Unlike  high  technology  sensors,  a  human  cannot 
detect  bombs  or  other  dangerous  materials  purposely 
or  inadvertently  hidden  inside  a  vehicle  or  its 
contents.  Because  of  the  inherent  physical  limitations 
of  the  human  senses,  an  unacc^tably  high  level  of 
intrusiveness  would  be  required  to  provide  an 
acceptable  assurance  that  bidden  bombs  will  be 
detected.  The  only  method  of  reliably  detecting 
hidden  explosives  in  a  vehicle,  using  human 
inspectors,  is  to  laboriously  and  intrusively  dismantle 
suspected  vdiicles.  Such  a  system  is  obviously  uot 
consistent  with  high  throughput  requircn^ts. 

7.  THE  FINANCIAL  HURDLE 

Security  should  transcend  borders,  nationalities, 
interest  groups  and  commercial  considerations. 
Terrorists  belonging  to  opposing  factions  have 
routinely  united  to  perpetuate  their  nefarious  deeds. 

Our  divisiveness,  micro-ambitions,  shortsighted 
interests  and  lack  of  global  vision  is  their  best  and 
cheapest  weapon. 

The  financial  factor  is  a  flagrant  display  of  our 
shortsightedness.  The  security  investment  is  always 
dwarfed  by  the  human,  commercial  and  legal 
consequences  of  an  occurrence. 

The  awesome  scientific  potential,  material,  and  know¬ 
how  gathered  at  this  meeting  is  like  a  priceless 
mosaic  waiting  to  be  put  together  by  a  magic  wand 
into  a  universal  solution  to  the  problem  at  hand. 

This,  of  course,  is  a  dream,  dissipated  by  otherwise 
very  legitimate  preoccupations  such  as,  for  the 
private  sector,  funding,  competitiveness,  patents, 
market  share,  confldentiaiity,  return  on  investment, 
and  contractual  wizardry;  and  at  the  Governmental 
level,  the  need  for  transparency,  equal  opportunity, 
equitable  distribution,  elaborate  administration, 
political  mood,  public  opinion  pressures,  etc. 

You  will  forgive  me  for  dreaming  of  an  elusive 
philanthropist  unencumbered  by  all  these  legitimate 
constraints,  taking  the  plunge  to  harness  the  R&D  in 
progress,  guiding  it  towards  the  universal  system 
which  would  put  the  terrorists,  and  ourselves,  out  of 
business! 
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Ladies  and  Geatlemea,  a  qMech  is  like  a  love  af&k. 
Aay  fool  cao  start  it,  but  to  end,  it  nquiies 
GOQsidsnble  sldll. 

Let  me  doae  oo  the  findioga  of  a  coiponte  audit  of 
A.C.M.E.*s  Syaqilioaic  Orchestia. 

"During  considerable  periods,  foe  four  Oboe 
players  had  nothing  to  do.  Their  numbtt 
could  well  be  reduced  and  foe  work 
distributed  more  evenly  throughout  the  eotiie 
concert,  thus  precluding  idle  tiiae.* 

"All  of  foe  12  Violins  were  playing  identical 
notes.  This  seems  to  be  unnecessary 
di^licatian.  The  staff  of  this  section  could 
be  drastically  cut.  If  more  sound  were 
required^  it  could  be  boosted  by 
electronics." 

"Much  effort  was  obsnved  in  the  playing  of 
demi-semi-quavers,  this  iqipears  to  be  an 
unnecessary  produce  reiiMiiieat.  It  is 
recommended  that  we  merely  round  off  all 
notes  to  the  nearest  semi-quaver  to  make  use 
of  trainees  and  lower  classification 
operators." 

"There  also  seems  to  be  too  much  repetition 
of  certain  musical  passages...  no  useful 
{mrpose  can  be  served  by  rq)eating  on  the 
Homs  something  which  has  already  been 
handled  by  the  Strings. .  concert  time  of  two 
hours  could  be  reduced  to  20  minutes." 

"Finally,  further  investigation  could  be  made 
into  obsolescent  equipment.  The  lead 
violinist's  instrument  was  centuries  old...  if 
normal  depreciation  aohedules  had  been 
afqrlied,  thia  mrirumoit's  value  would  be 
zero  and  the  purchaae  of  more  modem 
equipment  could  have  been  contideied,* 
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1.  INTRODUCTION 

This  presentation  summary  is  divided  into  two  parts. 
The  first  sets  out  the  views  of  the  UK  government  on 
aviation  security  in  general  and  identifies  the  major 
thrusts  of  its  policy.  The  second  part  describes  how 
that  perspective  affects  our  attitude  toward 
technology.  It  discusses  a  number  of  questions  which 
will  have  to  be  satisfactorily  answered  before  we  can 
come  to  place  reliance  on  explosive  detection 
systems. 

2.  UK  SECURITY  VIEWS  AND  ACTIONS 

The  UK  has  for  a  long  time  been  at  the  center  of 
world  affairs.  It  has  direct  experience  of  security 
problems  in  many  areas.  It  is  a  tn^or  player  in  civil 
aviation. 

2.1  Role  of  the  Department  of  Transport 

The  Department  of  Transport  has  an  interest  and 
responsibility  in  alt  modes  of  transport.  It  is  the  lead 
department  in  ensuring  that  the  UK  meets  its 
international  transport  security  obligations.  In  the 
aviation  and  maritime  security  fields,  it  has  extensive 
powers  under  two  Acts  of  Parliament  to  introduce 
and  enforce  security  measures. 

2.2  Events  over  Uw  L4ud  Decaile 

Substantial  attacks  over  the  last  decade  fall  into  three 
groups:  hijackings,  bombings,  and  airport  attacks. 
Although  there  has  been  an  international  response  to 
these  attacks,  its  implementation  has  not  been 
consistent.  The  type  of  any  future  attack  remains 
difficult  to  predict. 

2J  Rcidloa  ttie  Ifttbtk 

Attacks  have  raised  public  expectations  about  aviation 
security.  But  reaction  is  variable,  seemingly 
depending  on  ‘how  cloao  to  home’  the  event  is. 


Perhaps  the  public  expects  more  from  aviation 
security  than  can  be  realistically  delivered. 

2.4  The  Future 

An  extensive  realignment  in  world  order  is  taking 
place.  The  impact  on  international  terrorism  is 
uncertain.  How  will  this  affect  aviation  security? 

2.5  Threat  and  Risk 

Many  states  have  based  their  regimes  on  having  a 
capability  to  intensify  security  in  response  to  a  change 
in  the  threat.  The  UK  has  questioned  this  approach. 
Being  aware  of  changes  in  threat  in  time  to  reqpond 
is  difficult  if  not  in^>08sible. 

2.6  Host  Stale  Responsibility 

This  is  a  principal  concept  of  Annex  17,  but  its 
interpretation  is  dependent  on  the  attitude  of 
individual  states.  DiHerenees  in  inteipr^ation  can 
lead  to  difficulties  for  govenunenis  and  carriers.  Less 
developed  countries  ofien  perceive  terrorism  as  a 
problem  of  the  industrialized  slates,  not  theirs.  They 
may  have  other  priorities  due  to  scarce  resources. 

2.7UKAciioa 

The  UK  seeks  to  improve  aviation  security.  Mmsutm 
which  will  ensure  that  every  person  and  article 
carried  on  board  an  aircraft  is  'safe*  are  being 
introduced  pre^ressivety. 

3.  UK  PERSPECTIVE  ON  SECURTTY  TECH- 
NOLOGY 

3.1  The  Operational  Rertuimnent  for  Soreenini 

The  tequiremeal  for  screening  •  for  example,  baga  • 
can  be  simply  stated  as  a  queatioa;  *b  this  bag  safe 
to  fly  •  yes  or  no?*  Screening  systems  are  requited  to 
opetate  in  an  environment  whi^  shares  many  of  the 
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characteristics  of  a  production  line.  The  process  is 
akin  to  quality  control  where  a  ‘defect’  is  the 
inclusion  in  a  bag  of  a  prohibited  item.  People  and 
their  possessions  have  to  be  processed  at  high  rates. 
What  effect  does  this  have  on  the  nature  of  the 
equipmoit  required?  Can  systems  be  coostnicted 
which  maet  diia  operational  requirement? 

3^  Ferceptkuis  and  UmiUdons 

Those  involved  in  science  and  technology  have  a  long 
hiatofy  of  overselling  their  products.  As  a  result, 
optimistic  claims  about  the  abilitiea  of  smart  new 
machines  are  often  accepted  by  a  naive  public  as  the 
tnifti.  This  ftuth  in  die  ability  of  to  detect 

explosive  devices  poses  a  problem  for  those  trying  to 
design  effective  screening  systems. 

The  usefiilneas  of  a  screening  machine  is  often 
determined  by  what  it  cannot  do  rather  than  what  it 
can  do.  Mannfocturers’  brochures  rarely  point  out  the 
limitations  of  equipment.  This  is  the  t^  of  those 
who  trial  (teat)  equipment  for  governments  and  users. 

3J  Autonuded  Sywfnma 

Automated  deciskm  making  is  often  given  as  a  key 
goal  by  people  searchiag  for  effective  exploaive 
detectioo  systems.  It  is  held  to  be  somehow  ‘better* 
than  human  decision  making.  Is  diecs  a  teal 
advantage?  Will  there  be  no  role  left  for  people? 

3.4  Dev«k|MMat  IMhs 

It  is  a  big  step  tnm  knowing  that  a  paitkular 
iBchnoloty  will  omst  dm  opentfona!  wquiieaeat  to 
havint  machinns  rollfaMi  off  a  production  tins.  Many 
lechnolofiaa  are  cncwmdy  at  Iba  prototype  staia: 
raalisIkaUy,  fiw  can  anrvive  hi  foa  Gonapsd^  of  the 
matketplace.  What  options  exist  for  creathif  an 
orderly  matket  which  manufacturen  can  afford  to 
invest  b?  b  the  *BOS  tpedfkatbo/oeftiGcatioo' 
roub  approptiala? 

33  Tiblini  CTadni) 

Trislbg  (teatbg)  under  reatiuic  conditions  U  the  key 
to  undetmsndbf  how  s  pstticular  lechnolofy  can  be 
btegiated  into  a  ooapoaiie  security  system.  Reaulb 
csn  often  be  bieqMeted  b  s  variety  of  wfsya 
according  to  particular  tastes  and  prejudices.  Many 
new  lechnok^iies  rely  on  complex  algorithms  to 
dislbfuiih  a  bag  wtdi  anomslous  chaiabeiblks  from 
its  aafo  companions.  Bag  chaiacteristics  vary  from 


country  to  country,  destination  to  destination.  How  do 
we  trial  (test)  and  operate  machines  whose 
performance  had  to  be  optimized  accordmg  to  ‘local 
rules’? 

3.4  UK  RAD  nroframme 

The  R&D  programme  is  structured  under  duee 
headings:  equipment,  human  factors  and  system 
studies.  This  structure  recognizes  the  foct  that  an 
effective  security  system  is  dependent  on  s  balance  of 
technology  and  procedures.  It  is  unlikely  that 
technology  alone  wall  ever  provide  a  total  solution. 
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INSIGHTS  INTO  U.S.  DOMESTIC  AVIATION 


Richard  Redman 
FBI  Bomb  Data  Center 
FBI  Academy 


During  the  past  decade  it  has  been  statistically 
and  violently  established  throughout  the  world, 
that  the  terrorists  main  weapon  of  choice  is  the 
bomb!  Use  of  a  bomb  does  not  require  the 
presence  of  the  terrorist  at  the  time  the  viol^ce 
is  perpetrated  and  its  ugly  devastation  seizes  the 
attention  of  the  media  and  consequently,  the 
public.  What  could  be  more  satisfying  for  a 
terrorist  than  to  wreak  destruction  and  gain 
widespread  attention  at  the  same  time  by  using  a 
relatively  safe  and  simple  act. 

Too  many  U.S.  Airline  executives  reason  that 
because  since  1949  only  143  people  have  been 
killed  in  the  United  States  by  bombs  exploding 
aboard  aircraft,  that  statistic  ^ould  be  the  crucial 
indicator  in  evaluating  the  potential  threat.  Such 
a  view,  *It  hasn’t  happened  yet,  so  why  think  it 
will?”  is  so  short  sighted  and  unwise  in  the 
present  world's  climate,  and  is  oblivious  to  the 
considerations  of  motivation  and  opportunity. 

A  lot  about  how  and  why  terrorists  choose  their 
targets  is  known.  I  mysdf  have  been  framed  in 
target  analysis  and  om  well  aware  of  how  open 
this  country  is  to  terrorist  attack.  Concerning  the 
possibility  of  domestic  attack,  ail  but  one  of  die 
necessary  coodiUoos  are  already  pieseot*4he 
lerrotista’  resolve  to  commit  them. 

Domestic  aviation  targds  are  as  viable  as  other 
cooveotionai  domestic  targets,  i.e.  power  grids, 
ports,  POL  (petroleum,  oil  lubrication),  etc.  As 
international  aviation  security  tightens,  U.S. 
domestic  aviation  becomes  a  more  inviting  target 
to  terrorists  groups  bent  on  hitting  U.S.  symbols. 

Although  only  143  people  have  been  killed  since 
1949  in  the  U.S.,  2,152  people  were  killed  by 
bombs  exploding  tbosrd  siitrift  tbrosd  in  the 
ssme  time  period.  Many  terrorists  groups  do 
perceive  commercial  aviation  as  an  extremely 
attractive  target,  and  will  continue  to  do  ao. 
Also,  there  isn't  any  reason  to  believe  that  future 
aviation  attacks  will  be  only  against  aifcraft  in 


flight.  Attacks  at  airports  are  very  possible,  and 
have  happened  before. 

Does  our  present  use  of  scre^iing  machine 
technology  provide  an  adequate  defense  at  our 
nation's  airports?  In  the  1970’s  the  aviation 
security  consideratiais  were  geared  to  prevent 
the  rash  of  skyjackings  that  were  taking  place. 
The  advent  of  metal  detectors,  x-ray  machines, 
and  the  human  screeners,  were  intended  to 
prevent  guns  and  knife  weapons  from  getting 
aboard  aircraft.  Because  skyjacking  decreased 
significantly  in  the  succeeding  years,  many 
people  in  the  aviation  industry  believed  that  these 
preventive  measures  were  directly  responsible  for 
the  successful  results.  Such  believers  are 
dangerous  obstacles  to  establishing  a  really 
excellent  aviation  security  system,  for  they 
believe  their  own  hype  and  that  real  security  can 
be  accomplished  at  relatively  little  cost  and 
effort.  They  believe  that  people  who  think 
otherwise  are  alarmists.  One  need  only  look  at 
the  screening  test  failures  of  undetected  firearms 
and  simulated  bombs  to  realize  the  tragic 
potential  bad  diose  been  actual  guns  and  bombs. 
Furthermore,  the  PAA  test  guns  and  bombs  are 
unrealistic  and  are  diqilayed  in  an  unrealistic 
fashion,  almost  as  if  intended  to  be  easily 
discovered  by  screeners. 

As  s  member  of  the  FBI/PAA  Airport 
Vulnerability  Survey  Team,  I  assessed  airport 
bombing  security  coosidenUtoos  from  the  areas 
of  perimeteis,  parking,  airport  concourse, 
scr^iening  points,  AOA's,  and  bomb  squad/camne 
capabililiea.  My  asseaimeat  is  based  on  known 
capabilities  of  terrorist  groups  (fram  past 
leitorist  operations  of  fact)  and  reaaonable 
expectations  of  tocreaaed  capabilities  based  on 
my  knowledge  of,  technology  and  training  easily 
obuin^e  by  not  only  a  ddermined  dedicated 
terrorist  group,  but  also  by  the  public.  My 
question  was  simply,  could  a  determined  and 
reasonably  equipped  person  or  persons  penetrate 
the  aviatioo/aitport  security  and  plme  and 


21 


diOoiiti  Ml  «i|ilQiivB  davice?  The  answer  wm 
equdly  ■nidn'Yeid  My  condneioae  wsn  tlwt 
even  uaaofhMcMid  attacker  oniM  adhieve 
aaooaM  to  an  aottHt  4hM  I  cannot  specify  fiulher 
in  Aaapaper. 


In  dto  U.S.,  awiatkn  and  aiiport  securify  is 

inn  fuA  Aftinirnffirtial  piimnnefl 

and  (heir  cany-oai  baggage.  Since  for  years  now 
dw  aviation  tenoriats  have  demonshated  that 
toeir  oatreot  andna  operandi  is  in  the  use  of 
baggage^Kdd  htnuba,  I  must  oMKlude  diet  we 
are  not  even  foshiooaldy  reactive  in  our  avtation 
securify  effort!  Aviatkxi  securify  can  only  be  as 
strong  as  its  weakeat  area,  and  domesticaily  we 
are  neglecting  whole  areas  of  concern. 


Technology  will,  and  should,  play  a  large  role  in 
acconipliahing  an  efiective  security  for  our 
aviatkin  induatiy  and  the  U.S.  piddic.  It  is 
crucial  to  public  mkty  that  efbcdve  explosive 
detection  syatMM  are  developed  and 


ROLE  OF  ADVANCED  TECHNOLOGY  WITHIN 
A  BROAD  SECURITY  APPROACH 


Pascal  Morvan 
Air  France 

1,  Square  Max  Hymans 
75015  Paris 
France 


1.  INTRODUCTION 

When  1  first  participated  in  the  Symposium  on 
Explosives  Detection  in  Mannheim  in  July  1989,  my 
experience  in  that  field  was  limited  to  two  years  of 
responsibility  for  bomb  squad  personnel  (1983-1985). 
1  was  very  impressed  by  the  technological  advances 
made  during  the  prior  four  years,  as  well  as  the 
enthusiasm  of  the  speakers. 

Only  two  years  later  we  can  say  that  this  great 
enthusiasm  was  justly  founded.  The  political 
pressure  which  precipitated  the  effective  development 
of  equipment  and  the  more  restrictive  regulations 
which  require  implicitly  the  use  of  EDS  equipment 
have  created  the  present  climate  for  use  of  EDS. 
Nevertheless,  in  reality  the  practical  solutions  are  yet 
to  be  found  for  several  reasons: 

1)  Economic  considerations  (cost); 

2)  Difficulty  in  integrating  the  new  EDS 
equipment  in  an  existing  airport 
environment; 

3)  Uncertainty  in  defining  and  quantifying  the 
threat;  and 

4)  To  be  convinced  to  enter  into  the  process  of 
implementation. 


2.  TYPES  OF  THREAT 

1  would  like  to  elaborate  on  detection  methods  based 
on  the  types  of  threat.  Knowledge  of  the  threat  is 
essential  and  should  define  the  choice  of  explosive 
detection  technique  to  bo  deployed.  Let's  consider 
three  cases. 

•  The  first  is  the  search  for  and  detection  of 
residue  or  vapor.  The  state  of  the  art  of  this 
technology  is  such  that  if  there  is  even  one  molecule 
of  explosive  collected  in  the  detection  chamber  it  can 


be  detected  by  some  methods  (biotechnology,  laser 
detector).  However,  two  questions  arise: 

1)  Is  the  ability  to  collect  the  sanqile  as  good  as  the 
ability  to  detect  it  (I'm  afraid  the  answer  is  no)? 

2)  Is  there  any  vapor  in  the  ambient  to  detect  (at 
least  one  molecule)? 

I  have  a  partially  negative  answer  to  this  second 
question.  Last  year  in  French  Biscaye  separatists 
from  ET.\  successfully  concealed  bombs  in  steam 
pressure  cookers  to  avoid  detection  by  dogs. 
Similarly,  terrorists  have  also  used  a  data  sheet 
explosive  to  defeat  x-ray  systems.  All  terrorists 
adapt  remarkably  well. 

They  have  knowledge  of  detection  procedures 
especially  if  used  systematically,  and  they  have 
knowledge  of  performances  of  technologies  such  as 
vapor  or  residue  detection.  All  attempts  made  to 
conceal  explosives  •  for  example,  with  polypropilene 
sheets  >  have  been  successful.  This  consideration 
appeals  to  a  non-systematic,  complementary  use  of 
this  technique. 

•  Secondly,  is  the  detection  of  bulk  explosive. 
This  technology  has  been  most  effective  because, 
unlike  vapor  detectors,  small  amounts  of  residue  that 
pose  no  real  threat  -  for  example,  on  clothing  -  will 
not  alarm  the  system.  However,  the  presence  of  a 
critical  amount  of  explosive,  which  is  a  real  threat, 
will  be  detected  by  a  bulk  explosive  detection. 

The  nature  of  the  explosives  to  be  detected  is  no 
longer  a  question.  Even  if  you  are  exhaustive  and 
include  liquid  explosives,  such  as  ammonium  nitrates, 
etc.,  the  list  should  not  exceed  more  than  100 
different  compositions. 

The  amount  of  explosive  that  must  be  detected,  on 
the  other  hand  is  the  most  controversial  and  difficult 
problem.  This  should  be  the  first  issue  addressed 
before  selecting  EDS  equipment.  A  20%  difference 
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in  the  minimum  quantity  of  explosive  to  be  detected 
makes  a  huge  difference  in  terms  of  the  technology. 
The  false  alarm  rate,  the  time  of  examiiution  and 
cost  are  issues  •  e^)ecially  when  you  reach  the  limits 
of  detection.  This  has  been  illustrated  by  the 
difficulties  of  the  first  convincing  industrial  product 
available,  the  TNA. 

For  many  years  the  assessment  of  die  minimum 
quantity  has  been  based  on  enqiiikal  knovriedge  and 
the  result  of  accidents.  The  critical  quantity  was 
aUeged  to  be  around  one  Idlu.  Discussionshavebeen 
reopened  for  recent  accidents  -  in  particular  PA103. 

The  only  certain  foot  is  dist  the  problem  of  detection 
of  bulk  explosives  is  made  diffiedtby  variables,  such 
as  ■!»  of  the  plane,  location  of  exfdoaives,  and 
envifoemental  conditioos. 

Serious  studies  on  these  paruKlen  have  been 
started.  These  studies  require  naw  foeoietica) 
knowledge;  for  example,  to  determine  the  rupture 
criteria  of  light  plane  structures  to  die  fost  shock 
wave  produced  by  exploeioos  or  the  role  of  vibiation 
phenomena  in  the  rupture  process.  For  that  reason, 
the  first  results  will  probably  not  be  available  for  a 
few  years. 

Facing  die  limitations  in  detecting  small  quantities  of 
bulk  explosives,  the  natural  response  is  to  harden  the 
airplane  •  even  though  the  largest  uncertainty  ia  in 
detennining  the  weak  point  of  the  plane  and  t^  best 
method  of  hardening.  However,  it  will  be  much 
more  difficult  to  reach  a  voiform  hardening 
throughout  •  especially  on  existing  planes. 
Furthermore,  it  should  never  require  transformini  die 
planes  into  battle  tanka.  The  einergeo(»  of  future 
planes  containing  600  to  1000  pasaeogeri  could  be 
the  opportunity  to  introduce  a  requirement  ( die  exact 
figures  need  to  be  determined)  which  can  ftcilitate 
the  desired  KswLwing  criteria. 

•  Thirdly  is  die  detection  of  ignition  oomponenfs. 
Ignition  components  are  detonators,  batteries  and 
electronic  circuits.  So  many  components  in 
pasaeoger  bags  contain  batteries  and  electronic 
circuits  which  give  very  high  false  alarm  rates,  u  is 
the  Gsso  with  classical  x-ray.  Nevertheless,  that  is 
the  only  method  •  combined  with  hand  search  •  that 
can  be  used  today  on  a  Urge  scale.  The  recent 
improveineats  in  the  field  of  x-ray  ate  very 
encouraging,  because  they  are  more  specific  to  the 
threat,  and  because  they  fiKiliUte  the  human  decision. 


The  search  of  detonators  is  very  interesting  given  the 
fact  that  all  commercial  or  military  detonators  contain 
heavy  metals  (mercury,  lead)  and  that  their  shape  is 
supposed  to  be  well-known.  For  the  terrorists  who 
have  knowledge  of  what  detects  these  detonators  - 
since  it  is  written  in  every  aviatian  newqiaper  -  it 
will  be  necessary  to  modify  the  shape  of  existing 
detonators.  This  is  not  easy  and  could  be  dangerous. 
Another  option  is  the  use  of  chemical  components  but 
they  are  more  difficult  to  handle  and  less  efficient 
than  classical  detonators. 

Whatever  the  method  is,  explosive  detection 
technology  has  made  some  notable  progress  for 
checked-in  baggage  for  vriiich  equipment  will  be 
available  in  foe  very  short  tenn. 

The  solutions  for  bulk  explosives,  for  example,  ate 
TNA  or  better  TNX  whose  performances  can  still  be 
improved.  Progress  has  alto  been  made  with 
tomography  acanneta.  Vapor  detectors,  eventually 
associate  with  x-tay,  can  ^  a  valuable  solution  but 
only  as  an  alternative  or  additional  measure  for  foe 
reasons  \idiich  I  mentioned  before.  However,  these 
systems  and  even  detonator  detection  techniquea 
remain  costly  in  terms  of  manpower. 

Furthermoie,  foe  performance  of  PFNA,  PFNX  and 
gamma  ray  resonance  absorption  show  exciting 
potential  for  future  solutiouK  (PFNA  for  exanqile  will 
probably  be  able  to  check  an  entire  cootaiaer  of 
baggage  at  one  lime).  This  could  tiroplify  foe  costly 
manpower  and  handling  problems.  For  these  systems 
to  be  effective,  foe  fiUae  alarm  rate  must  be 
minimiaed. 

Oenesally.  foe  problem  of  fidae  alarms  becooMs  mote 
critical  when  Ito  EDS  lyaiem  is  opetiled  for  from  foe 
passenger  check-in  area.  However,  if  inspection  U 
perfonned  at  foe  check-in  counter,  it  causes  long 
lines  and  delays  which  inconvenience  passengers  and 
requires  a  Urge  inspection  area.  Then  foe  path  to 
secure  between  the  cootroU  and  foe  plane  U  very 
long,  which  increases  foe  rUk  of  pollution  of  foe 
supposed  controlled  baggage  during  the  transfer.  The 
shortened  flow  path  decreases  the  ability  of  foe 
terrorist  to  place  a  bomb.  Therefore,  w«  need  to 
focus  on  foe  sub^  of  secured  aooes  and  ncttSi 
control.  Although  these  are  not  really  foe  topics  of 
this  session,  they  are  necessary  complemeota  to 
explosive  detection  strategy.  It  would  to  useless  to 
spend  millions  of  dollars  for  detection  equipment  and 
at  foe  same  lima  peimit  holes  in  foeaecurity  shield 
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by  failing  to  consider  secured  zones  access  control 
and  other  basic  measures  like  the  passenger 

and  the  baggage. 

All  the  components  of  access  control  systems  are  now 
well  known  and  operational  (CCTV,  locks  with 
badges  for  personnel  and  cars,  remote  control 
computer  system,  etc.).  But  I  don’t  know  of  any 
airport  where  the  problem  is  satisfactorily  solved.  It 
is  very  difficult  to  control  the  movement  of  tens  of 
thousands  of  airport  personnel  who  have  good 
reasons  for  moving  throughout  the  airport.  This 
problem  is  compounded  when  you  have  a  great 
percentage  of  temporary  manpower.  The  future 
security  solutions  must  be  found  on  restricted  zones 
and  the  need  for  persons  to  pa.ss  from  one  zone  to 
another  with  as  little  hinderance  as  possible. 

Additionally,  other  traffic  such  as  mail  and  express 
freight,  must  be  considered.  The  solution  developed 
fur  controlling  baggage  must  be  easily  applied  to  this 
traffic.  More  progress  must  be  made,  but  large  x-ray 
systems  and  more  efficient  methods  like  PFNA  will 
offer  some  valuable  solutions. 

One  difficulty  observed  with  the  introduction  of  the 
large  x-ray  equipment  is  the  treatment  of  suspect 
items,  because  it  is  necessary  to  have  a  nearby,  lafe. 
well  equipped  area  to  deal  with  alarms  in  order  to 
avoid  blocking  (he  system.  If  (his  is  not  (fat  case,  the 
uporators  will  bypass  (be  system  afler  a  few  false 
alarms. 

As  you  can  see,  it  is  easy  to  do  an  intelleclua! 
exercise  on  security  given  (be  avaiUbility  of 
equipment. 

We  must  not  forget  that  planes  leaving  higb-toch 
airports  return  from  countries  with  smaller  airports 
(hat  are  not  in  a  position  to  finance  such  systems.  In 
those  airpoii.s  the  airlines  must  develop 
complementary  mcasuies.  More  portable ,  easy  to 
use  equipment  is  required  and  there  are  too  few  now 
ideas  in  (hat  field.  I  would  like  to  emphasize  (he 
iicccs.si(y  for  progtm  noting  that  very  often  the  least 
equipped  countries  are  those  whore  (ho  risks  are  (he 
highest. 

3.  CONCLUSION 

*  EDS  solution  is  not  unique,  they  have  to  adapt  to 
each  airport  with  nunor  modifications.  There  is  not 
an  ultimate  system,  but  one  system  for  every  airport. 
Iliis  diversity  will  also  be  a  deterrent  for  the 
terrorists. 


•  Security  should  obviously  take  into  account  the 
economical  a^wets.  This  is  eqiecially  important  in 
relative  peace  and  recession  times.  I’m  convinced  it 
is  possible  to  advance  future  technologies  in  a  cost 
effective  way,  both  in  terms  of  capital  cost  and 
associated  manpower.  The  security  solution  should 
provide  safety  and  ease  of  movement  for  passengers, 
baggage  and  other  traffic. 

•  The  knowledge  of  the  threat,  in  terms  of  quantity 
of  explosive  is  solvable,  it  requires  only  enough 
money  and  time. 

Finally,  I  would  like  to  remind  you  of  a  terrible 
French  experirace.  We  .should  not  build  another 
Maginot  line.  We  must  be  flexible  and  not  focus  on 
only  one  solution. 

As  a  complement  to  development  of  innovative 
technology  for  detection,  we  must  continue  to 
develop  a  global  approach  to  security  problems  and 
an  international  security  blueprint  in  order  to 
coordinate  between  all  security  measures.  With  these 
conditions  we  will  be  better  armed  to  solve  a  problem 
which  can  be  compared  to  an  open  Fort  Knox,  with 
visits  of  tens  of  thousands  of  people  per  day,  and  the 
capability  to  detect  in  that  flow,  24  hours  a  day,  a 
needle  in  a  haystack. 


/ 

/ 

/ 

/ 

/ 
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NUCLEAR  TECHNIQUES 


HOKCIPLES  OF  NUCL£4R-B^SED 
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1.  INTRODUCnm 

During  the  last  decarie,  and  in  paiticolar  since  198S, 
great  strides  «n»e  made  in  teseatch,  development, 
design,  coestiuctioii,  and  deployment  of  nuclear^ 
based  detecti<Mi  of  bulk  explosives.  Kttclear 
tecbniqiies  are  ^own  to  provide  the  cmly  feasible 
appiYMK^  for  meeting  the  demanding  requirements  of 
opentioa  in  the  security  arosa  in  general,  and  at 
airpoits  is  particirlar. 

In  the  past  decade,  plastic  explosives  became  the 
we^KHi  ot  choice  for  tenorists,  most  spectacularly 
demonstrated  in  mid-air  explosions  of  airlinos  with 
disastrous  loss  of  life  and  property.  This  has 
motivated  the  development  of  nqrid  and  effective 
explorive  detection  systems  (EDS).  Though  during 
the  last  year  there  has  been  an  rqiparent  lull  in 
successfol  airline  sabotage,  there  is  no  reason  to 
believe  that  this  situari(»  will  continub  through  the 
decade  of  the  90’$.  Terrorisui  —  national  and 
international,  whether  motivated  by  political,  narcotic 
or  any  other  cause  -  is  still  very  much  with  us.  In 
feet,  the  change  in  world  order  manifested  by  foe 
massive  breakdown  of  political  entities  is  a  great 
source  of  instability  and  tends  to  further  exacerbate 
tiie  situation. 

This  paper  briefly  review  foe  wide  tapestry  of 
possible  nuclear  techniques  for  explosive  detection. 
From  this  wide  selection,  some  feasible  and  a  few 
practical  techniques,  which  can  conqrly  with  foe 
tough  operational  requirements,  ate  emerging. 

The  paper  describes  foe  requirements  for  explosive 
detection  sensors  and  foe  reasons  why  nuclear 
techniques  are  uniquely  i^pousive  to  these 
requirements.  The  "nuclear*  (i.e.,  elemental) 
signatures  of  explosives,  available  nuclear  reactions, 
and  other  nuclear  scientific  considerations  are 
discussed  and  demonstrated  with  foe  aid  of  results 
from  sensors  or  systems  which  are  in  advanced  stages 
of  R&D  or  folly  d^loyed. 


2,  SYCTEM  ENGINEERING  OF  EDS 

The  devdopment  of  a  functional  EDS,  esoteric  as  it 
may  be,  has  to  follow  the  ratimial  life  cycle  of  tiie 
system  enginaering  disc4>lfo<^  (Figure  1).  This 
generic  life  cycle  states  the  obvious  (which  is 
unfortunately  somdimes  lost  in  the  sea  of  enfousiaam 
of  the  inventive  mind).  Once  foe  need  for  the 
development,  in  our  case,  of  an  explosive  detection 
systmn,  has  been  identified,  foe  customer  (i.e.,  FAA, 
airline,  etc.)  has  to  define  and  q>ecify,  preferably  in 
consultation  with  foe  potential  devdopers,  the 
requirements  of  the  system  in  order  to  fulfill  its 
mission.  The  devdoper  needs  to  analyse  and  fully 
understand  these  requiibrnents  and  the  system's 
qrtcificatiens.  Hefoenproceeds  to  the  stage,  defined 
in  the  diagram  as  "Cmc^tual  Design*.  In  our 
devdopmental  sequence  it  may  entail: 

•  identify  possible  solutions; 

•  identify  possible  technologies; 

•  establish  and  understand  foe  scientific  basis 
for  foe  technologies; 

•  sdect  foe  proper  technology  that  is  most 
responsive  to  foe  requirements; 

•  devdop  a  notional  crmcqrt; 

•  iterate  the  above  process; 

•  finalize  a  conceptual  design  with  sufficient 
detaUs  for  fo$  ensuing  engineering  design  of 
the  system. 

We  will  follow  bdow  some  of  foe  most  important 
steps  mortioned  above. 
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3.  GENERIC  SYSTEM  REQUIREMENTS 


4.  POSSIBLE  SOLUTION 


EDS  Tequirmmis  c«n  ba  divided  mto  three  basic 
categories:  perfoimance,  operational  and  safety  as 
listed  bdiow. 

3.1  EDS  Requireoteits 

Pcrfsnnaoce  Goals 

•  Poative  detection  of  presence  or  establishing 
tbe  absoice  of  explosives; 

•  Sensitive  to  ail  known  civilian  and  military 
exjdoaives; 

•  Insensitive  to  explosive  conilguntitm  or 
concealment  method; 

•  Sensitivity  duesbold  at  minimum  amounts  of 
explosives  needed  to  cause  fatal  damage; 

•  Fully  automated  operation  and  decision 
making,  though  the  decision  as  to  the  final 
disposition  of  suspected  objects  is  obviously 
done  by  a  high-level  human  operator. 

Operational  Goals 

•  Non-istnisive; 

•  Throughput  rate  which  does  not  adversely 
affect  airport  routine; 

•  Reliable  and  easy  to  maintain; 

•  Sinq>le  to  terete  ('user  frioidly*)  (should 
not  require  too  high  a  level  of  personnel  to 
operate); 

•  Reasonable  price  and  running  costs; 

•  Reasonable  space  and  site  requirements. 
Safety 

«  No  significant  radiation  risks  to  personnel  or 
passengers; 

•  Non-harardous  to  insjxicteU  items; 

•  Does  not  fog  film;  does  not  damage 
magnetic  media. 


Once  the  system’s  requirements  are  identified  and 
understood,  the  developer  needs  to  survey  for 
possible  solutions  for  explosive  detection.  There  are 
several  techniques,  methods,  or  procedures  that  are 
purported  to  "detect*  explosives.  These 
tec^ques/procedures  M  into  five  groups: 

•  Profiling/intelligecce 

•  Hand  search 

•  X-Ray  techniques 

•  Vapor  detection  and  canine 

•  Biological 

•  Magnetic 

•  Active  nuclear  techniques. 

While  each  technique  and  procedure  is  valuable, 
except  for  the  last  category,  none  is  truly  an 
explosive  technique,  failing  one  or  more  inqrartant 
parts  of  the  EDS  requirements.  The  role  of  the  first 
fom  categories  in  a  total  security  system  is  very 
important.  This  role  would  not  be  obfuscated,  but 
enhanced  further  once  an  efficient,  rapid  and 
automated  EDS  is  deployed. 


5.  GENERIC  FEATURES  OF  CONTRABAND 

Nuclear  techniques  using  highly  penetrating 
radiations,  as  probes  and  induced  ones,  i.e.,  neutrons 
and  gamma  rays,  are  inherently  non-intrusive  and 
amenable  to  automation-two  important  requirements 
of  any  effective  EDS.  However,  the  most  unique 
capability  of  nuclear-based  EDS  is  probably  its  ability 
to  directly,  and  generally  unambiguoudy,  detect 
fundamental  features  of  contraband.  Nuclear 
techniques  can  detect  elements  (actually  isotopic 
nuclei)  via  their  unique  nuclear  structures.  However, 
unless  contrabands  possess  unique  chemical  and, 
hence,  elemental  signatures  that  distinguish  them  well 
from  benign  materials,  tbe  potential  of  nuclear 
techniques  would  not  be  realized.  Fortunately, 
explosives  and  narcotics  are  well-soparated  in  one  or 
more  elemental  featuras  from  roost  common 
materials.  Generically,  most  military  and  some 
commercial  explosives  are  denser  than  benign 
materials  and  are  richer  in  oxygen  and  nitrogen  and 
relatively  poorer  in  carbon  and  hydrogen.  Narcotics, 
on  the  other  hand,  are  about  as  dense  as  most 
conunon  household  goods.  They  are  relatively  richer 
in  carbon  and  hydrogen  and  poorer  in  oxygen  (and 
nitrogen).  Table  1  shows  a  list  of  SO  materials- 
explosives,  narcotics,  and  common  materials  that  may 


be  carried  in  passenger  luggage  or  shipped.  The 
composition  (covering  all  the  major  elements,  i.e.,  H, 
C,  N,  O)  of  these  materials  is  given  in  units  of 
elemental  density  (g/cc).  A  gr^hic  presentation  of 
these  compositions  is  shown  in  Figures  2,  3,  and  4. 
These  are  three-dimensional  plots,  with  the  different 
elements  along  each  axis.  These  plots  and  their  two- 
dimensional  projections  show  the  degree  of  separation 
of  explosives  and  drugs  from  benign  materials.  The 
more  features  used,  the  better  the  separation.  In 
addition  to  one,  two,  or  three-dimensional  features, 
i.e. ,  explosive  may  be  distinguished  by  detecting  high 
0-density,  high  N-density,  and  low  C-density 
simultaneously,  one  can  also  develop  non-linear 
signatures.  A  good  example  of  this  is  the  ratio  of 
carbon  to  oxygen  densities  (see  Figure  5).  It  is 
unusually  low  for  explosives  and  unusually  high  for 
narcotics.  Many  more  signatures  are  possible.  The 
selection  of  the  most  effective  ones  depends  on  the 
specific  nuclear  techniques  used,  its  design,  and 
implementation.  The  basic  elemental  signatures, 
important  as  they  are,  define  only  a  theoretical 
discrimination  capability  between  contraband  and 
benign  materials.  It  assumes  a  perfect  measurement 
and  observation  of  the  pure  (unmixed)  materials, 
e.g.,  either  contraband  or  explosive.  In  reality,  the 
measurements  are  far  from  perfect  and  the 
observations  are  made  over  volumes  larger  (or  even 
much  larger)  than  the  ones  occupied  by  the  pure 
materials.  This  fact  causes  blurring  of  the  separation 
between  contraband  and  common  materials.  The  loss 
of  separation  increases  the  probability  of  false 
detection  and  mis-detection.  It  underlines  the 
impoitance  of  selecting  techniques  and  methods  of 
implementation  that  provide  information  as  directly  as 
possible,  on  as  small  a  volume  elements  as  possible. 
Different  nuclear  techniques  offer  that  capability  to 
different  degrees. 

6.  SELECTION  PROCESS  OF  NUCLEAR 
TECHNIQUES 

Once  the  requirements  of  EDS  have  been  defined  and 
understood,  the  rather  laborious  selection  process  of 
the  proper  nuclear  technique  and  its  ensuing 
development  commences.  All  nuclear-based  EDS  can 
be  described  by  a  very  simple  block  diagram  (Figure 
6).  All  EDS  have  neutron  or  gamma-ray  sources. 
These  sources  can  be  either  radioisotopic  or 
accelerator-based.  The  probing  radiation  has  to  be 
"processed'-namely  gamma  rays  and  fast  neutrons, 
are  usually  collimated  and/or  modified,  e.g.,  high 


energy  neutrems  are  slowed  down  to  thermal 
energies.  Hie  probing  radiation  infera^  'vith  the 
material’s  content  of  the  luggage.  The  interactioas 
may  create  unique  signatures  of  the  qwcific  elemoital 
constituents  preset,  in  the  pohed  object.  The 
resulting  sipmls  from  the  interacticKis  with  die 
various  elemental  consritu^te  can  be  one  or  more  of 
the  foUovring: 

1)  Specific  change  in  die  inttmsity  of  the  probing 
radiation  (n,  or  y)  from  a  resonance  absorption 
and/or  scattering.  This  change  is  superinqxised 
on  the  overall  attenuation  of  die  probing 
radiation  which,  in  this  context,  is  considered  as 
background. 

2)  Specific  energy  loss  for  the  probing  neutroiis 
via  elasdc  scattering. 

3)  Inducing  emission  of  specific  gamma  t%ys, 
prompdy  or  as  a  result  of  delayed  activation,  as 
a  result  of  neutron  capture  or  inelastic  scattering. 

The  induced  (or  modified  probing)  radiations  are 
detected  by  an  array  of  appropriate  detectors  located 
in  the  vicinity  of  the  probed  object.  The  detector 
signals  are  usually  processed  firstly  via  analog 
electronic  processing  and  then  digitally.  The 
information  from  all  detectors  is  analyzed  by  a  main 
computer  which,  based  on  prior  calibration  uid 
information  can  make  the  decision  to  clear  the  object 
or  to  alarm.  The  various  conqxments  of  the  EDS 
raise  a  lot  of  technical  issues.  The  most  inqioitant 
ones  are  listed  below. 

•  Nuclear  reactions,  e.g.,  (n,y),  (n,n)  (n.xy), 
(7.7);  (7.n).  (7.P).  (7.«») 

•  Cross-sections,  branching  ratios,  angular 
distributions 

•  Sources  of  radiation  -  radioisotopes, 
accelerators,  steady  state  or  pulsed  (fast  or 
slow) 

•  Detectors  -  type,  size,  efficiency,  energy 
resolution,  time  resolution,  sensitivity  to 
probing  radiation,  stability 

•  Electronics/Data  Acquisition  (hardware  and 
software)  -  count  rate  and  data  rate, 
miniaturization 

•  Structural  and  shielding  materials 
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*  Decisioa  Analysis  (hardware  and  software)  • 

image  recoastructioc,  feature  analysis, 

classical,  and/or  advanced  decision 

techniques  (e.g.,  ANS) 

A  flow  chart  for  the  development  of  a  system  based 
on  a  nuclear  tedmique  is  shown  in  Figure  ?.  It 
shows  the  coaoplex  interrelation  between  the  myriad 
of  fimiors  and  issues  affecting  the  design  of  the 
system.  Prtqjer  coosideiatioQs  of  these  items  in  the 
design  and  construction  will  ensure  (at  least 

technologically)  a  successful  EDS. 

7.  SELECTION  OF  NUCLEAR  R£ACnON(S) 

Critical  to  successful  development  of  rc5p<»sive  EDS 
is  the  selection  of  the  proper  nuclear  reactions. 
Thou^  many  nuclear  reactions  involving  the  nuclear 
c(»stitueats  of  contrabands  ate  accessible,  only  few 
lead  to  the  responsive  EDS.  The  list  of  accessible 
nuclear  teacdrms  is  given  in  Table  2.  The  table  lists 
the  isotope  being  probed,  the  probing  radiations  (i.e., 
n  or  7  and  their  energy  range),  the  nuclear  reaction 
of  interest  and  its  measurable  products,  the  name  of 
the  technique  or  system  (developed  or  being 
researched)  which  uses  the  specific  nuclear  reaction, 
and  finally  a  comment  which  qualitatively  identifies 
the  main  strength  and  weakness  of  the  reaction. 
Specificity  indicates  how  positively  that  isotope 
indicates  the  presence  of  explosive.  Sensitivity 
indicates  the  strength  of  the  measured  signal.  This  is 
a  qualitative  assessment  based  on  the  magnitude  of 
the  cross-section  for  the  nuclear  reaction,  the  ease 
and  precision  with  which  the  reac  lon  products  can  be 
detected,  signal-to-noise  ratio,  strength  of  the  signal 
given  the  needed  source  intensity,  etc,  Even  a 
superficial  look  at  the  table  will  reveal  that  some 
nuclear  reactions  are  wholly  inappropriate  for  EDS  as 
they  do  not  fulfill  several  of  the  most  inqwrtant 
system  requirements. 

«.  REACTION  CROSS-SECTIONS 

The  selection  of  the  most  appropriate  nuclear 
reaction(s)  for  the  EDS  requires  the  study  of  ihe 
reaction  cross-sections  («KB,  E’,0)).  This  entails  the 
variation  of  the  cross-section  as  a  function  of  tlje 
probing  neutron  (or  ganuna-ray)  energy  (fi),  angular 
(fl)  and  energy  (E’)  distributions  of  the  scattered  and 
induced  radiations.  The  exact  behavior  of  all  these 
qualities  is  important  in  assessing,  via  modeling  and 
simulation,  system  performance.  Many  reactions  are 
well  stud’fxl  and  their  cross-sections  are  well  known. 


This  statement  is  particularly  correct  for  neutron 
capture  (0,7)  process,  where  the  cross-section  for 
thermal  and  epithermal  neutrons  are  well  known 
along  with  the  branching  ratio  of  the  resulting  gamma 
rays.'  ‘The  nuin  parameter  for  the  thermal  neutron 
analysis  (TNA.)  technique  is  the  (0,7)  reaction  in 
The  production  cross-section  of  the  key  gamma  ray 
(10.8  MeV)  in  TNA  is  10.6  mb.  Other  very 
important  j^ysics  parameters  are  the  total  absorption 
thermal  neutron  cross-sections  in  the  common 
dements  encountered,  for  example,  in  passenger 
bags:  N  -  i.9  b,  H  -  0.33  b.  Cl  -  33.2  b.  Similarly 
the  gamma  ray  scattering  and  absorption  in  all 
energies  of  interest  are  well  known  and  the  cross- 
section  values  are  reliable.  The  cross-sections  for 
elastic  scattering  of  fast  neutrons  in  the  energy  range 
of  O.S  to  14  MeV  are  inqxritant  to  all  techniques  that 
use  these  neutrons  as  the  probing  radiations  (i.e.,  fast 
neutron  analysis  -  FNA,  pulsed  first  neutron  analysis  - 
PFNA,  neutron  elastic  scattering  -  NES,  neutron 
resonance  attenuation  -  NRA).  The  value  of  these 
cross-sectioas  (energy  and  angular  dependence)  are 
well  known  for  most  elements  of  interest  in  explosive 
contraband  detection.  Figures  8a,  $b,  8c,  and  8d 
show  the  neutron  elastic  scattering  cross-sections  of 
H,  C,  O,  and  N.  The  main  feature  of  these  cross- 
sections  is  the  resonancv  structure  in  the  energy  range 
of  0.5  to  6  MeV  in  the  C,  N  and  O.  The  baseline 
(without  the  sharp  structure)  cross-sections  in  all  of 
these  elements,  including  hydrogen,  have  the  same 
basic  shape.  In  fiict  above  7  MeV,  with  few 
exceptions,  the  cross-section  is  almost  constant  at 
about  1  bam  value.  Thus  the  neutron  praetrability, 
which  is  dominated  by  the  cross-section  for  elastic 
scattering  (and  to  a  lesser  extent,  by  their  angular 
dependence)  decreases  rapidly  as  the  neutron  energy 
is  lowered. 

The  resonance  structure  in  the  neutron  scattering  was 
used  by  Overley^  to  determine  the  H,  C,  N,  and  0 
content  in  relative  small  samples  of  bulk  materials 
(e.g.,  grains).  Since  each  element  has  unique 
resonances  and  other  features  superimposed  on  the 
baseline  shape,  the  attenuated  neutron  flux  through 
the  probed  object  should  reflect  the  structure, 
showing  depleted  flux  at  the  specific  resonance.  This 
technique  called  neutron  resonance  attenuation  (NRA) 
requires  varying  (sweeping)  the  neutron  energy  or 
using  pulsed  wide  (e.g.,  ’“white")  neutron  spectrum, 
and  time  of  flight  (TOF)  technique.  By  solving  as 
many  (or  more)  equations  as  the  number  of  elements 
present,  one  can,  in  principle,  get  a  two  dimensional 
projection,  along  the  neutron  beam  line,  of  the 
elemental  content  of  the  object.  Unfortunately  when 
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the  prob«d  object  is  large  the  aeutron  multiple 
scattering  tends  to  "fill-in''  the  depleted  area  greatly 
debasing  Cowering  the  signal  to  noise)  the 
information.  Beyond  a  certain  thickness,  depending 
on  the  elemental  content  and  density,  very  little 
useful  information,  with  the  possible  excqrtion  of 
information  on  the  average  physical  density,  can  be 
obtained.  A  related  technique  to  NRA  is  neutron 
elastic  scattering  (NES)  technique  proposed  by 
Pennetron  Inc.^  It  is  based  on  the  small  difference 
between  the  fast  neutron  energy  loss  in  elastic 
collision  with  carbon,  nitrogen  and  oxygen.  For 
exanqrle,  the  maximum  energy  loss  for  backscattered 
neutrons  is  28.4%  in  C,  24.9%  in  N  and  22.1%  in 
O.  However,  detecting  small  energy  changes  with 
good  accuracy  is  difficult.  The  discrimiiution 
between  the  various  elements  can  be  enhanced  by 
using  the  structure  in  cross-sections  mentioned  above. 
Again,  the  multiple  scattering  occurring  in  bulk 
samples  is  detrimental. 

The  situation  in  regard  to  the  cross-section  for 
neutron  inelastic  scattering,  the  production  of  gamma 
rays  from  these  reactions,  and  their  angular 
distribution  is  not  as  good  as  that  of  the  elastic 
scattering  cross-sections.  While  the  basic  phenomena 
and  the  approximate  value  of  these  parameters  are 
well  known,  a  detailed  look  shows  larger 
uncertainties  than  desirable.  An  example  to  this 
situation  is  given  in  Figure  9.  This  figure  shows  the 
cross-section  for  the  production  of  6. 13  MeV  gamma 
ray  in  the  neutron  inelastic  scattering  on  'Hi.  Three 
evaluations  are  shown.  These  evaluations  slightly 
differ  in  the  location  of  the  peak  energy  of  the 
resonances  but  greatly  differ  in  the  absolute  value  of 
the  cross-section.  It  is  interesting  to  notice  that  even 
the  cross-section  with  the  lowest  value  for  this 
reaction  in  oxygen,  and  for  that  matter,  in  carbon  and 
nitrogen  (see  Figure  10)  is  still  higher  than  the  (n.y) 
cross-section  in  nitrogen,  which  is  the  basis  for  TNA. 
The  cross-sections  shown  in  Figure  10  are 
fundantental  to  the  Fast  Neutron  Analysis  (FNA)  and 
Pulsed  Fast  Neutron  Analysis  (PFNA)  techniques.* 
In  these  techniques  one  particle  goes  in  and  a 
different  one  comes  out:  "neutron  in  -  gamma  out." 
The  induced  radiation  is  uniquely  characteristic  of  the 
nuclei  that  created  it.  Its  intensity  however,  is 
determined  mainly  by  the  probing  radiation  (neutrons) 
penetrability  and  the  value  of  the  cross-section  for  the 
specific  interaction.  The  former  is  mostly  determined 
by  the  cross-section  for  neutron  elastic  scattering 
discussed  above.  The  latter  is  shown  in  Figure  10, 
indicating  that  the  relative  sensitivity  will  be  the 


highest  to  carbon  followed  by  oxygen  and  then 
nitrogen. 

9.  DETECTORS  AND  DETECTIONS 

Successful  design  of  a  nuclear  based  explosive 
detection  system  requires  the  use  of  appropriate 
nuclear  detectors.  When  using  "neutron  in  •  neutron 
out*  techniques  (i.e.,  NRA,  NES),  efficient  neutron 
detectors  are  required.  These  techniques  require  not 
only  the  detection  of  the  neutrons  but  also  the 
determination  of  their  energy.  Thus  neutron 
spectrometers  with  high  efficiency  and  good  energy 
resolution  are  needed.  Such  detectors  are  not  readily 
available.  Organic  (plastic  or  liquid)  scintillators  do 
provide  some  energy  information,  through  the  proton 
recoil  mechanism,  but  the  unfolded  pulse  height 
distribution  would  not  have  the  energy  resolution 
required  cf  the  NRA  and  NES  techniques.  However 
these  detectors  are  very  useful,  bemuse  of  their 
relative  high  efficiency  and  excellent  time  resolution, 
when  the  neutron  energy  is  determined  by  time  of 
flight  (TOF)  technique.  Indeed  this  is  the  technique 
used  in  the  application  of  the  NRA  technique  to 
determine  the  protein  content  of  various  grains.^ 
Unfortimately  TOF  neutron  spectrometry  is  very 
inefficient  and  requires  a  very  strong  puls^  neutron 
source  and  long  measurement  time. 

All  techniques  that  require  ganuna  ray  qiectrometry 
have  a  wider  range  of  detectors  to  choose  from  (see 
e.g.,  reference  S).  The  choice  of  a  gamma  ray 
detector  depends  on  the  specific  technique  and  is 
influenced  by;  efficiency,  energy  resolution,  the 
ability  to  handle  high  count  rate,  time  resolution, 
stability,  sensitivity  to  the  probing  radiation  (e.g.,  14 
MeV  neutrons),  geometrical  constraints,  cost, 
availability,  etc.  The  most  commonly  studied  and 
used  gamma  ray  detectors  for  "neutron  in/gamma 
out*  techniques  are  (in  decreasing  order);  Nal(n), 
BGO,  BaF].  The  various  considerations  in  using 
these  detectors  are  discussed  in  reference  S.  Some 
examples  are  shown  below.  The  first  is  a  pulse 
height  spectrum  of  an  Nal(n)  detector  in  a  TNA 
system  measuring  a  typical  heavy  passenger  luggage 
containing  an  explosive  simulant  (Figure  11).  This 
spectrum  illuminates,  in  capsule,  many  of  the 
strengths  and  weaknesses  of  TNA.  It  shows  the 
weak  but  tuiique  and  well  separated  peak  of  nitrogen. 
The  very  intense  lower  energy  background  underlines 
the  importance  of  reducing  pulse  pile  up.  It  also 
shows  that  by  proper  choice  of  detector  size,  shape 
and  the  special  electronics,  one  can  get  very  good 
ganuna  ray  spectroscopy  even  at  the  very  high  count 
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rate  required  for  TNA  to  be  a  practical  high 
throughput  explosive  detection  system. 

In  a  practical  FNA  technique  the  probing  radiation  is 
a  collimated  beam  of  14  MeV  neutrons.  Theae 
neutrons  create  a  significant  background  in  most 
gamma  ray  detectors.  The  ability  to  protect  the 
gamma  ray  detectors  from  the  direct  beam  and 
scattered  neutrons  is  crucial  for  this  ^>plicat'on. 
Figures  12  through  14  show  the  quality  of  spoctra 
that  can  be  obtained  from  pure  samples.  Figuns  12 
and  13  are  for  graphite  and  oxygen  (in  DjO)  using 
Nal  detectors  and  Figure  14  shows  graj^te  spectra 
measured  widi  a  BGO  detector.  All  ^wctra  show  the 
high  background  (’sample  out  spectrum')  inherent  to 
this  technique.  It  also  shows  that  the  diffennce 
spectrum  ('net  spectrum')  is  of  high  quality  and  is 
usable.  Hie  ultimate  spectroscopical  quality  can  be 
obtained  in  the  PPNA  method  using  the  same 
detectors.  This  is  achievable  because  in  the  pulsed 
FNA  the  sigiud  gamma  rays  can  be  separated  by  the 
time  of  flight  (TOF)  of  the  neutrons  from  the 
background  events.  A  sample  of  PFNA  spectra  is 
given  in  Figures  15  through  20.  All  these  spectra 
were  measured  in  the  time  window  when  the  neutrons 
interact  with  the  sample.  The  time  uncorrelated 
events  (e.g.,  created  by  thermal  neutrons  interacting 
in  the  room  or  detector)  have  been  subtracted. 

10.  PinriNG  rr  TOGETHER 

Nuclear  based  explosive  detection  technique  can  be 
qualitatively  asset^  by  studying  the  strength  of  their 
signal  for  the  most  distinctive  elet  jental  signaturss. 
Though  such  aasessment  is  incomplete  since  it  do<« 
not  take  other  factors  into  account,  it  does  provide  a 
beneficial  oversight.  A  sample  comparison  of  the 
most  idudied  techniques  is  given  in  Table  3.  The 
stronger  the  nuclear  signal  of  an  element,  which  is 
mmt  sbundant  in  contraband,  die  better.  The  case  of 
oxygen  and  nitrogen  in  explosive  for  FN  A^PFN  A  and 
ORA  respectively  is  s  good  example.  However  other 
cases,  where  low  density  of  particular  elemaits  in 
contraband  is  the  unique  feature,  are  quite  iaqiortant 
if  the  nuclear  signal  is  strong  enough.  This  is  the 
case  of  carbon  in  PNA/PFNA.  In  geieral  the  more 
signatures  one  can  measure  the  better  is  the  system 
performsnce'.  namely,  low  mis-detection  and  Ctlae 
alarm  probabilities. 


11.  IMAGING  CAPABILITIES  AND  DECISION 
ANALYSIS 

The  conqwsition  of  contraband,  though  different  from 
benign  materials,  when  measured  with  any  device 
will  occasionally  be  classified  as  benign  and  vice 
versa.  The  ability  to  s^iarate  between  the  benign  and 
the  non-benign  materials  is  determined  by  the  number 
of  relevant  quantities  (e.g.,  oxygen,  carbon  and 
nitrogen  densities)  that  can  be  measured  and  the 
accuracy  of  their  determination.  This  is  shown  in 
Table  3  for  the  three  most  studied  explosive  detection 
techniques.  However,  since  the  elements  present  in 
explosives  and  other  contrabands  ere  present  in 
almost  all  materials  commcMily  used,  their  pre-sence  is 
far  from  a  conclusive  evidence  that  an  alarm  should 
be  sounded.  The  unmistaken  presence  of  proper 
concentrations  of  these  elements  in  amounts  and 
proportions  that  are  characteristic  of  contrdMod  is  a 
definite  cause  for  an  alarm.  The  mcm  localized  the 
information  given  by  a  technique,  the  mote  credible 
the  decision  to  alarm.  The  ability  to  get  localized 
signal  is  related  to  the  imaging  capability  of  the 
technique.  Some  techniques  are  inherently  ima^ng 
techniques  and  are  built  as  such.  An  exanqple  of  this 
is  the  x-'tay  conq>uten;i»d  axial  tomography  (CAT) 
system.  Such  a  system  can  provide  the  physical 
density  averaged  over  a  small  volume  elemost  (voxel) 
of  several  cubic  mm.  Among  the  nuclear  besed 
techniques,  it  is  the  PFNA  that  can,  m  principle, 
directly  provide  all  key  elemental  components  in  as 
small  voxels  u  100  cm^.  The  amount  of  explosives 
that  can  be  paired  in  such  a  volume  is  very  small 
(<200  grams),  thus  offering  very  high  sensitivities. 
Whether  or  not  it  is  practical  to  screen  every  object 
to  that  small  a  detail  (the  number  of  suc^  smalt 
voxels  even  in  an  object  such  as  a  suitcase  is  s  couple 
of  thousand)  depends  on  the  design  of  the  system  and 
the  required  Ihroughpirt.  Other  techniques  can 
provide  spatial  information  on  (»e  or  more  of  the 
elemental  concentnlions  tfarouj^  straightforward 
image  reamstniciioo  techniques  (e.g.,  TNA  and 
FNA)  or  by  very  conqiltcated  mechsaical  means  to 
provide  tonmgrephical  information  (e.g.,  multiple 
irradiation  GRA).  The  rest  of  the  nuclear  techniques, 
m  {Minciple,  provide  only  two  dimensional  projectirms 
of  elemental  coecenfrations  (e.g.,  GRA  for  nitrogen, 
NRA  for  C,  N,  O)  stmilar  (bid  with  poorer 
resolution)  to  x*ny  images  of  projected  physical 
density.  Table  4  summarizes  the  current  imaging 
capabilities  of  the  nuclear  based  detection  techniques. 
It  diould  be  recalled  that  the  objective  of  an  EDS  is 
to  detect  a  small  but  finite  size  explosive  or 
cootrabaml.  The  quaUty  of  the  required  elemental 
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image  is  not  the  same  as  for  a  standard  x-ray,  where 
a  human  operator  tries  to  discern  from  the  projected 
image  whether  a  gun  or  knife  is  present.  The 
automated  decision  algorithm  of  EDS  uses  die 
(g^erally  crude)  image  as  one,  though  vary 
important,  of  several  features  to  clear  the  screened 
object  or  alarm  on  it.  Many  of  the  features,  e.g., 
contiguous  detectors  with  the  highest  count  rate,  do 
contain  information  with  a  lot  of  spatial  content. 
Thus,  even  without  a  hill  fledged  image 
reconstruction,  an  EDS  can  make  a  reliable  decision, 
as  long  as  the  technique  has  inherently  the  3-D  spatial 
content. 

12.  CONCLUSION 

The  obstacle  course  of  developing  a  responsive 
nuclear  based  explosive  detection  system  has  been 
covered  in  this  paper.  It  is  recognized  that  rarely 
will  all  the  steps  that  were  described  be  followed. 
But  total  disregard  of  those  steps  by  the  developers 
(pursuing  the  approach  of  a  "solution’  looking  for  a 
problem)  or  by  the  potential  users  who  need  the 
development  (vainly  pursuing  the  magic  "silver- 
bullet"),  is  a  recipe  for  failure. 

It  is  shown  that  properly  conceived  and  developed 
nuclear  based  techniques  can  and  do  provide  die 
means  to  detect  explosives  and  contraband  concealed 
in  objects  of  all  sizes  in  a  manner  coirqiatible  with  the 
well'cstablisbed  requirements. 
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Table! 

Elemental  Densities  (g/cc)  of  Gmtraband  and  Various  Common  Materials 


■ 

1 

2 

3 

4 

5 

■ 

MATERIAL 

H 

C 

N 

0 

NTTROGLY 

0.0352 

0.2544 

03960 

16144 

EGDN 

0.0355 

0J256 

03531 

0.8658 

AMNrr 

0.0850 

0.0000 

03950 

0.9860 

BLPOWDER 

0.0000 

0.4026 

0.1830 

0.6588 

5 

NCEL 

0.0384 

03888 

03256 

0.9472 

PEIN 

0.0422 

03344 

1.0683 

DETASHEET 

0.0636 

0.4647 

0.7711 

TOT 

0.0359 

06031 

06895 

COMP-B 

0.0462 

0.4172 

03216 

0.7302 

PBSTY 

0.0211 

0.4651 

03718 

0.9302 

TETRYL 

0.0299 

0.4864 

0.4050 

0.7404 

12 

DYN 

0.0500 

0.1750 

03188 

0.7375 

0.0532 

0.7182 

06208 

a 

0M64 

03648 

03248 

0.6656 

15 

C4 

0.0594 

03614 

03693 

06633 

PICRIC 

0.0229 

03526 

03221 

06606 

PBAZ 

0,0000 

0.0000 

13947 

0.0000 

TRIAC 

0.1164 

0.4644 

0.6192 

HEXA 

0.0906 

03432 

03120 

0.7253 

20 

WOOL 

omn 

0.0563 

0.0329 

0.0377 

21 

sng 

0.0080 

0.0593 

0.0395 

22 

OACR 

0.0063 

0.0938 

0.0000 

0.0500 

23 

ORLON 

0.0066 

0.1019 

0.0396 

0.0000 

24 

NYLON 

0.1106 

0.7262 

0.1414 

0.1619 

25 

POLYES 

0.0056 

0.1001 

0.0000 

0.0444 

26 

COTTON 

0.0090 

0.0720 

0.0000 

0.0690 

27 

RAYCW 

0.0093 

0.0660 

0.0000 

0.0740 

28 

POLYBT 

0.1344 

0.0000 

aoooo 

29 

POLYPR 

0.1316 

0.7884 

0.0000 

0.0000 

30 

PVC 

03107 

0.0000 

0.0000 

31 

SARAN 

0.0419 

0.40S0 

0.0000 

0.0000 

32 

Lucrra 

0.1056 

06334 

0.0000 

0.4222 

33 

NEOPR 

0.0000 

0.0000 

34 

PAPER 

0.0434 

0.0000 

03451 

35 

ALCOH 

0.1048 

0.4168 

0.0000 

03720 

36 

SUGAR 

0.1040 

06720 

0.0000 

06240 

37 

OIL 

0.0960 

06160 

0.0880 

38 

BARLEY 

OB68S 

0.4320 

0.0100 

0.4700 

39 

SOYBE 

0.0750 

0.4900 

0.0844 

03510 

WOOD 

0.0441 

03808 

0.0000 

03744 

41 

WATER 

0.1110 

0.0000 

06890 

42 

POLYUR 

0.0869 

03775 

0.1342 

43 

MBIAM 

0.076S 

0.4576 

16656 

0.0000 

44 

HEROIN 

0.0628 

06820 

0.0379 

0.2166 

45 

HHCL 

0.0569 

06214 

0.0345 

0.1971 

46 

COCAI 

06730 

0.0461 

03110 

47 

COCL 

0.0653 

0.0412 

0.1883 

48 

MORPH 

0.0067 

0.7156 

0.0491 

0.1682 

49 

PCP 

00104 

06587 

0.0576 

0.0000 

50 

LSD 

0.0078 

0.7427 

0.1299 

0.0495 
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Table  2 

Assessment  of  Accessible  Nuclear  Reactiooa  for 
Neutrons  or  Hi^-Energy  Photon  Interrogatiao 


No 

Isotope 

Probe 
(and  its 
energy) 

Used  iu  the 
Listed 

Technique/System 

Reaction 

Comments 

1 

%. 

TNA 

'H(%„7/H 

Low  q>ecificity, 
hi^  sensitivity 

2 

n  (slovnng  down 
spectrum) 

TNA 

FNA/PFNA 

Attenuation, 

thennalization, 

absorption 

Low  ^>ecificity, 
med'hig^  sen^thfity 

3 

7(>22MeV) 

*H(74»)'H 

Low  ^lecukity, 
very  low  sensitivity 

4 

n(14  McV) 

*H(n,2N)^H 

Low  qtedfidty, 
very  sensitivity 

5 

%. 

Medium  specificity, 
lowsensiti^ 

6 

n(>5  McV) 

FNA/PFNA 

Medium  specificity 
very  high  sensitivity 

7 

n(>7  MeV) 

FNA/PFNA 

«qiM>py»B* 

Medium  specificity 
lowsentifi^ 

8 

a(>7  MeV) 

FNA/PFNA 

^'qnpifBe* 

Me<fium  spedfidty 
low  sensiti^, 
hi^ 

9 

«c 

o(a4  •  10  MeV) 

FNA/PFNA 

NES/NRA 

’®C(iMi)’*C 

Medium  H>6cificity 
and  sensitivity 

10 

7(>19MeV) 

«q7W’’c 

Medium  specificity, 
lowsensiti^, 
extremely  hi^  (7 
and  n)  d^  rat^ 
requires  hLE 
elMlron  acoei 

n 

«C 

<b. 

’■qn„ir)«c 

Medium  specificity, 
very  low  sensitivity 

12 

7(>5McV) 

Medium  specificity, 
veiy  low  sensitivity, 
very  hi^  dose  rate 

13 

«N 

*b. 

TNA 

High  spedfidty, 
low  se^vity,  basis 
for  TNA,  to  date 
most  practical 
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No 

Isotofse 

Probe 
(and  ks 
energy) 

Used  m  the 
listed 

Tcchniquc/System 

Reaction 

Comments 

14 

7(9.172  MeV) 

GRA 

’^N(7,p)'®C95% 
'*N(7,7y*N  5% 

High  specificity, 
low-m^  sensitivity, 
basis  for  GRA, 
requires  very 
intense  proton 
accelerator 

15 

7(llMe\') 

DETEX 

(MIDEP) 

' 

High  specificity, 
low  sensitivity,  very 
high  (7  and  n)  do^ 
rate 

7(30  MeV) 

*Nitrogea  Camera* 

^*N(y^fB* 

High  specificity, 
low  sensitivity,  very 
high  (7  and  n)  doK 
rate,  very  high 
background, 
requires  very  hi>E 
electron  accelerator 

16 

’♦n 

ii(>3  MeV) 

FNA/PFNA 

'*N(a^'y)''*N 

High  specificity, 
med.  sensitivity, 
high  (14)/low  (3 
MeV)  background 

17 

n(>7MeV) 

FNA/PFNA 

High  spedficity, 
low  to  med. 
sensitivity,  high 
(14)/iow  (7  MeV) 
background 

18 

14^ 

n(>7  MeV) 

FNA/PFNA 

’"N(n,pyy*C 

High  ^;>ecificity, 
low  sensitivity,  high 
(i4)/low  (7  MeV) 
badiground 

19 

ii(>7  MeV) 

FNA/PFNA 

^^N(n,dyy^C 

High  specificity, 
low  sensitivity,  high 
(14)/low  (7  MeV) 
bad^ound 

20 

'♦n 

n(14  MeV) 

FNA/PFNA 

^*N(n^y®N 

High  specificity, 
low  sensitivity,  high 
(14)  background 

21 

n(0.4  - 10  MeV) 

FNA/PFNA 

NES/NRA 

’♦N(n,ny*N 

High  specificity, 
low  sensitivity 

22 

ieO 

n(>7MeV) 

FNA/PFNA 

*0(n.n’7y*0 

High  specifidty, 
high  sensitivity 

23 

«o 

n(>7  MeV) 

FNA/PFNA 

’®0(n,py®N 

High  specifidty, 
low  sensitivity 
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No 

Isotope 

Probe 
(and  its 
energy) 

Used  b  the 
Listed 

Technique/System 

Reaction 

Comments 

24 

16o 

n(>7  MeV) 

FNA/PFNA 

High  ^>edficity, 
low  E  signatures, 
low  sensitivity 

25 

ISq 

n(0.4  - 10  MeV) 

FNA/PFNA 

NES/NRA 

^*0(iM»y®0 

High  specificity, 
low  sensitivity 

26 

ISq 

7(16  MeV) 

High  specificity, 
low  sensitivity,  very 
high  (7  and  n)  doM 
rate,  high  neut. 
background, 
require  hi>E 
eleven  acccL 

27 

Cl 

% 

TNA 

“a(n,7fCl 

High  spedfidty, 
very  high  sensitivity 
(v^ere  ai^>licable) 

28 

Cl 

n(>3  MeV) 

FNA/PFNA 

NES/NRA 

“Cl(n,nVfa 

“a(iMip)“S 

High  specificity, 
high  sendtivity 
(where  applicaUe), 
high(14)/low(3 
MeV)  background 

TNA  •  Thermal  Neutroc  Analysis 
FNA  •  Fast  Neutron  Analysis 
PFNA  •  Pulsed  Fast  Neutron  Analysis 
GRA  •  Gamma  Ray  Resonance  Attenuation 
NRA  •  Neutron  Resonance  Attenuation 
NES  •  Neutron  Elastic  Scattering 
DETEX  (MIDEP)  -  Sec  Ref.  6. 

"Nitrogen  Camera*  -  Proposed  by  P.  Trower 
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Tabic  3 

Elemental  Signatures  Contraband 
And  Their  Strengths  in  Some  Nuclear-Based  EDS 


‘Level  '  •  Value  of  the  elemental  density  in  the  explosives  or  drugs 

“Spedneity  -  How  specific  is  the  value  of  the  signature  (i.e.,  elemental  density  or  some  function  of  U)  to  the 

explosives  or  drugs 

'Nuclear  Si^uU  Strength'  •  How  strong  the  detected  signal  from  the  elemental  signature.  It  is  related  to  the  nudear  crow 
section,  meoru  of  detection,  estimate  of  S/N,  etc. 

INA  -  Thermal  Neu%ron  Analysis 

ORA  •  Gamma-ray  Resonance  Absorption 

FNA  •  Fast  Neutron  Analysis 

PFNA  •  Pulsed  Fast  Neutron  Anolytit 
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Table  4 

Imaging  Capabtlttles  of  Nuclear  Based  DetecUon  Techniques 
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PiQurt  1  System  Engineering  Ue  Cyde 
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of  Various  Materials. 


Various  Materials. 
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Figure  4  3-Olmer»ionai  (H.C,0)  RepresenCaOion  of 

Bementai  CompositkMis  of  Various  Materiais. 
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Figure  5  Ratio  of  Carlson  to  Oxygen  Densities 
as  a  Signature  for  Contraband. 


Basic  Descriptive  Diagram  of  a  Generic  A(^ 
Nuclear  Explosive  Detection  Systera 
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Figure  7  Flow  Chart  of  Development  of  Nuclear  Based  Techniques 
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Sigma 


0-16  (n,n’)  2-nd  Level;  6.13  MeV 


En  (MeV) 


Figure  9  Oxygen  (n,n,Y)  Cross-Section  •  Different  Evaluation/Computations 


CROSS  SECTION  (bams) 


Figure  10  Qanma-ltey  Prcxluclkm  C>oss-Sec(i^ 

to  PFNA  for  Oxygen,  Nitrogen  and  Cartma 
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a) 


b) 


c) 


OMNMtl 


Hgureia  System  (Ck)limMtd  Co^ 

Gmphkt  Sini^  MMturtd  wttt  Nil(1l)  Oiltclor. 

a)  Nat  Spttctrum 

b)  Samt)(04n  Spacsrum 

c)  Sampl»Oui  Sptcbum 
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Owmtl 


Figure  13  FNA  Syittsm  (Cotltmided  Configufitlon). 

Oxygen  (C^O)  Semple  Measured  with  Nal(n)  Delector. 

a)  NetSp^rum 

b)  Sample-In  Spectrum 

c)  Sample-Out  Spectrum 
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Figura  14  FNA  Syvtam  (CoMnutad  ConHouraiton)* 

Qiiphttt  San^  Miaiurad  aih  BOO  Oatactor 

a)  Nat  $pactrum 

b)  Sampia<ln  Spactrum 
0)  Sampia-Out  SpaGlium 


F)gi»«  te  Qwnmt-Ray  Specman  of  Mtiaaikvi  )  Rgure  18  Gamma-Ray  Spectrum  of  Dry  Leather  Measured 

Mewtfad  fn  PFW  Labondory  System  (Tvar  Na!(n))  !n  PFNA  Uboratory  System  (a-xS’  Na!(T1)). 


COUNTS 


RgurelQ  G«nim-R>y  Sptetfum  of  BETA  SImulirt  Mwiiwri 
In  PFNA  Laboratory  Syatom  Nai(T1)). 


«>Y 


ChvwitlHimbtr 


Figure  20  The  Gamma-Ray  Energy  Spectrum  Meaaurtd  wibt  a  aVS*  NalfTt)  Dalactor 
in  PFNA  Laboratory  Sy^em  for  a  Smati  Sample  of  C-4  Expioaivti  Slrvajiant 
The  Fingerprint  Lines  of 6.^3  MeV)i  (.72, 1.63,  and  2.31  M«v)  ive 
Indicated.  Also  Indicated  are  Weak  Lines  Associated  with  N  (2.12, 2.60, 
and  5.11  MeV).  Note  that  the  5.11  MeV  Line  of  N  Contains  alK*  the 
Second  Escape  Peak  of  the  Oxygen  6.13  MeV  Line. 
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A  REVIEW  OF  THE  DEVELOPMENT  OF  A  LUGGAGE 
EXPLOSIVE  DETECTION  SYSTEM 


J.  Bartko  and  F.  H.  Ruddy 
Westinghouse  Science  &  Technology  Center 
Pittsburgh,  PA  15235-5098,  U.S.A. 


1,  INITIAL  CONSIDERATIONS 

Nuclear  activation  technology  has  some  powerful 
advantages  over  other  technologies  for  determining 
the  composition  of  concealed  material.  To  a  great 
extent  this  is  due  to  tiie  penetrating  power  of  nuclear 
radiation,  particuhuiy,  neutrons  and  gamma  rays  and 
the  unique  prc^seities  of  their  reactions  with  nuclei 
which  cables  a  precise  determination  of  constituent 
elements.  The  fi^  step,  then,  in  the  evolution  of  a 
detection  system  was  to  identify  an  element  or 
elements  vt^ch  would  act  os  an  indicatorfs)  of 
explosives.  The  element  selected  was  nitrogen  which 
is  found  in  all  common  explosives  in  abundances 
ranging  from  ~  15%  to  ~36%.  Oxygen  and  carbon 
are  also  there  in  some  abundance,  but  these  are  much 
more  comnion  and  are  more  difficult  to  detect. 
Nitrogen,  as  we  shall  see,  is  an  ingredient  in  some 
other  msterisls,  but  it  is  considerably  more  rare  in 
other  materials. 

There  are  three  contending  reactions  that  could  be 
employed  fm  detecting  nitrogen  \^ch  involve 
neutrons  and  gamma  rays:  '^(n,g)'H4, 

**N(3,2n)'*N,  sod  '*N(n,n’|)'‘N.  The  first  was 
selected  because  it  is  initisted  by  tbormsl  neutrons 
(easily  produced  from  fast  neutrons),  its  cross  section 
is  better  (80  millibams)  (hin  those  of  its  comp^itora, 
snd  the  rusultsnt  gamms  radiation  lias  some  unique 
features.  In  -15%  of  the  reactions  a  10.8  MeV 
gamn»  ray  is  produced.  Gamma  rays  of  this  and 
higher  enetgy  are  rare  in  other  elemental  neutron 
reactions  and  their  production  probability  is 
considmable  less  than  15%. 

Since  the  10.6  MeV  gauuus  mys  are  emitted 
promptly,  a  detection  system  based  on  this  reaction 
must  incorporate  the  means  of  producing  the  required 
tbemisl  neutron  flux,  as  well  as  the  gamma  ray 
detection  apparanu.  In  routine  neutron  activation 
analysis  studies,  this  is  generally  accon^lisbed  by 
constructing  a  cavity  in  neutron  moderating  material 
with  a  fast  neutron  source  and  detectoi(B)  in  close 


proximity  to  the  cavity.  A  simple  system  is  shown 
in  Figure  1.  The  moderating  material  thermalizes  die 
fast  neutrons  and  deflects  a  fraction  of  them  into  the 
cavity  creating  a  thermal  neutron  "field*  therein.  An 
item  to  be  examined  is  inserted  into  the  cavity  and 
the  resulting  gamma  ray  activity  is  detected  for 
elemental  analysis.  The  sensitivity  and  practicality  of 
this  technique  is  dependent  upon  the  achievable  ratio 
of  thermal  neutron  flux  to  fist  neutron  flux,  the 
gamma  ray  detection  efficiency  and  the  capability  of 
discriminating  against  potential  fidse  alarm  materials. 
To  optimize  these  aspects  one  must  select  the 
components,  which  are  very  interactive,  with  great 
care.  These  components  are  the  neutron  source,  the 
moderator,  the  cavity,  the  gamma  ray  detection 
system  and  the  shielding.  Their  selection  or 
development  will  be  discussed  in  the  following 
section. 

2.  SELECTION  OF  SYSTEM  COMPONENTS 
2.1  Neutron  Source 

Fast  neutron  sources  can  be  of  the  machine  variety  or 
isotope  variety.  Machine  amircea,  electrically 
powttred  O^D  or  D-T  geoentors,  can  be  turned  off 
but  they  are  sofflewbat  bulky  and  the  periodic 
replacement  of  generator  tubea  makes  them  nmie 
expeosive.  The  isotopic  sources,  e.g.,  ^f,  are 
smaller  and  lighter,  but  because  tiiey  emit  neutrons 
and  gamma  rays  cootiouously,  they  must  be  shielded 
continuously.  We  selected  ^f  as  our  source 
because  of  its  convenirot  small  size,  ~  1  cm  diameter 
and  ~3.8  cm  length,  and  its  low  cost.  The  source 
intensity  uws  » 1  x  10*  n/sec. 

12  Modentor  MMcrial 

For  modention  of  the  fast  neutrona,  hydrogetMus 
materials  are  preferred.  The  thermal  neutrons  will  be 
scattered  back  into  the  cavity  where  they  wilt  become 
part  of  the  "thermal  neutron  gas  cloud".  In  our  early 
work  paraffin  was  used  but,  because  of  its  potential 
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of  polyethylene  whs  needed  to  produce  the  maxiuntm 
theamal  neutron  flux  in  the  cavity. 

2.3  The  Cavity 

The  dimensions  of  the  cavity  were  prescribed  by  the 
FAA.  The  size  was  selected  which  would 
accommodate  most  of  the  baggage  items  stored  in 
airplanes.  The  dimensions  were  -'40  cm  wide,  —60 
high  and  ~80  cm  long. 

2.4  The  Gamma  Ray  Detector 

There  are  three  types  of  gamma  ray  detectors  that  are 
preferred  for  TNA;  Ge  detectors,  Nal  detectors  and 
plastic  scintillator  detectors.  Ge  detectors  have  the 
best  energy  resolution,  Nal  detectors  are  the  most 
efficient  and  the  plastic  scintillator  detectors  are  the 
fastest.  The  selection  of  a  particular  one  for  a 
particular  application  is  a  complex  process  because  of 
the  many  operational  factors  that  must  be  considered. 
Additionally,  one  must  also  make  decisions  (m  tlm 
number  and  arrangement  of  the  detectors. 

We  selected  plastic  scintillator  detectors  principally 
because  of  their  i^>eed,  ease  of  obtaining  different 
geometries  and  their  low  cost.  Because  the  selection 
of  these  detectors  was  key  to  the  detection  system 
feasibility,  i.e.,  it  enabled  us  to  succeed  where  oth^ 
had  failed,  we  will  devote  the  next  section  to  a  more 
detailed  discussion. 

2.5  TheShkidii« 

We  mentioned  earlier  that  only  5  cm  of  polyethylene 
was  required  for  nmderation.  Thus,  the  size  of  the 
basic  system  is  relatively  compact.  However, 
because  the  neutron  and  gamma  ray  radiation  must  be 
reduced  to  safe  levels,  a  considerable  amount  of 
shieldmg  was  required,  and  in  our  studies  the 
primary  shielding  material  was  polyethylene.  Boron 
doped  polyethylene  was  used  to  reduce  the  number  of 
2.2  MeV  gamma  rays  resulting  from  neutron  capture 
by  hydrogen.  The  neutroc  capture  cross  section  in 
boron  is  very  high  m  a  normal  percentage  of  the 
captures  and  an  easily  shielded  low  energy  gamma 
ray  is  produced.  Sixty  cm  of  borated  polyethylene 
adljacent  to  the  moderator  produced  safe  levels. 
Finally,  the  ”^Cf  source  gamma  rays  were  shielded 
by  surrounding  the  source  with  IS  cm  of  Bi. 


SYSTEM 

The  nnitron  source  is  also  an  intense  source  of 
gamnia  rays.  The  capture  of  neutrons  by  the 
hydrogenous  moderator  and  shield  material  is  an 
additional  source  of  gamma  ray  background.  Thus, 
the  selection  of  for  our  neutron  source  and  dte 
selection  of  hydrogenous  material  for  modetatirm  and 
shiel'iing  presented  us  with  a  significant  problem 
vis-a-vis  the  selection  of  a  gamma  ray  detector.  That 
problem  was  to  find  a  detector  uhich  could  handle 
the  high  counting  rate  without  producing  pile«q> 
pulses  (overlap  of  two  pulses)  dw  to  the  intense 
background,  u^ch  would  interfere  with  the  detecticm 
of  the  10.8  MeV  gamma  rays  from  nitrogen  capture. 
The  solution  was  to  select  plastic  scintillators  uhkh 
produce  light  pulses  <  10  nsec  in  duration  conqMued 
to  the  250  nsec  of  the  more  efficient  and  widely  used 
Nal  detectors. 

The  poor  energy  resolution  of  a  plastic  scintillator 
detector  was  not  a  problem  because  of  toe 
exceptionally  high  energy  (10.8  MeV)  of  toe  nitrogen 
capture  ganuna  ray.  Thm  are  no  interfering  gamma 
rays  at  that  energy  or  higher. 

The  poor  intrinsic  efficiciKy  of  these  detectors  could 
be  a  problem  if  a  high  ba^uage  througlq>ut  rate  is 
desired.  Because  these  detectors  are  inexpensive  toe 
solution  was  to  simply  increase  the  volume  of  the 
detector.  The  q|)ecific  way  in  utoidi  the  volume  was 
increased  was  dictated  by  the  solutkm  of  another 
problem  -  the  problem  of  distinguishing  between 
explosives  and  other  nitrogenous  materials  normally 
found  in  suitcases,  e.g.,  wool,  nylon,  orion,  silk  and 
leather. 

The  key  to  the  solution  was  the  feet  that  although  the 
nitrogen  composition  in  these  materials  might  be 
high,  e.g.,  26%  for  orion,  the  nitrogen  densities  are 
significantly  lower  than  that  for  explosives.  Thus,  an 
array  of  detectors,  sensitive  primarily  to  the  nitrogen 
content  immediately  before  it,  c^d  distinguish 
between  explosives  and  other  nitrogenous  materials. 
To  make  a  detector  sensitive  to  the  nitrogen  content 
before  it  we  took  advantage  of  some  aspects  of  the 
Compton  interaction  which  is  the  governing 
interaction  in  plastic  scintillators  for  10.8  MeV 
gamma  rays.  The  high  energy  electrons  of  the 
Compton  tail  are  directed  in  a  forward  direction  close 
to  the  axis  of  the  incoming  gamma  ray.  Thus,  if  one 
made  a  detector  long  and  narrow,  one  would:  1) 
greatly  increase  toe  probability  of  interaction  for  a 
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gamma  ray  cnicnag  tiviut  uro  ituw  w  wv 

side  and  2)  because  of  &e  forward  direction  of  the 
high  energy  electron  enhance  its  probability  of 
depositing  ail  of  its  energy  within  the  scintillator. 
This  would  provide  the  detection  directionality 
desired.  Indeed,  a  Monte  Carlo  coii^uter  calculation 
of  the  counts  and  distribution  of  counts  expected  for 
an  array  of  5  c  m  diameter  by  25  cm  long  plastic 
scintillator  detectors  monitoring  a  wool  sweater  and 
four  sticks  or  dynamite,  shown  in  Figure  2  verified 
this,  'fhus,  by  increasing  the  length  we  unproved  the 
efficiency  and  provided  sdf-cotlimatioD. 

4.  TEST  PROGRAM 

4.1  The  Laboratory  System 

With  the  development  of  a  gamma  ray  detection 
system  we  were  in  a  position  to  conduct  a  laboratory 
test  program  of  the  feasibility  of  this  approach  with 
the  evmtual  goal  of  development  of  an  airport 
system. 

A  test  system  consisting  basically  of  a  25  cm 
polyethylene  cavity  shell  surrounded  by  paraffin  was 
designed  and  built  (Figure  3).  Along  the  right-hand 
wall  can  be  seen  the  front  surfaces  of  the  six 
detectors  (black  circular  areas)  used  in  our  study. 
The  detectors  used  in  the  study  were  5  cm  diameter 
X  80  cm  long  NE102  plastic  scintillator  cylinders. 
The  figure  shows  the  cavity  containing  a 
Pullman-sized  suitcase  on  a  board  used  for 
positioning  the  suitcases  to  different  areas  within  the 
cavity. 

4.2  Data-Taking  and  Processing 

After  positioning  the  explosive  and/or  nitrogenous 
material  within  the  suitcase,  the  suitcase  was  inserted 
into  the  cavity  on  the  locating  board  shown  in  Figure 
3.  After  taking  200  second  counts  (recorded  on  a 
computer),  the  suitcase  was  moved  successively  to 
different  positions  until  one  half  of  the  suitcase  had 
been  scanned. 

The  FAA  required  extensive  testing  of  differently 
sized  suitcases  filled  with  wool  and  orlon  sweaters  to 
various  capacities,  large  pairs  of  shoes  and/or 
simulated  explosives.  The  key  items  to  be 
determined  by  the  tests  were  whether  the  system 
would  be  capable  of  detecting  and  discriminating  the 
defined  explosives  against  a  background  of  other 
nitrogenous  materials  and  the  neutron  source  strength 


bags  per  minute. 

5.  RESULTS  AND  DISCUSSION 

The  test  results  were  groiqwd  into  three  categories: 
(1)  explosives  alone  in  baggage,  (2)  tidse  alarm  tests, 
and  (3)  detection  tests.  It  is  obviously  icqxissible  to 
present  all  of  the  data  from  all  of  the  tests.  Instead, 
we  will  select  the  most  revealing  data  for  presentation 
in  the  paper. 

5.1  Detection  of  Explostves  Alone  in  Baggage 

In  the  first  run  the  package  of  eight  sticks  of 
simulated  dynamite  packed  in  a  cylindrical  array  was 
placed  on  the  floor  of  a  large  suitcase.  Figure  4  is  a 
computer  printout  of  the  results  and  shows  the 
distribution  of  the  counts  in  slightly  more  than  half  of 
the  suitcase.  Note  that  the  counts  increase  toward  the 
bottom-center  of  the  suitcase.  The  dynamite  package 
is  sketched  in  at  its  location  during  the  test 

Based  on  this  run  as  well  as  the  other  explosive  runs, 
we  selected  a  threshold  of  21 1  counts  for  obtaining  an 
"image"  of  the  explosives.  The  white  numbers  in 
Figure  4  r^resent  this  image.  The  dynamite  is 
clearly  delineated  by  a  solid  block  of  high  counts 
covering  its  area. 

5.2  False  Alarm  Tests 

The  results  for  70%  packing  of  wool  (three  medium 
and  two  large  sweaters)  in  the  large  suitcase  are 
shown  in  Figure  5.  While  there  are  many  detector 
positions  exhibiting  counts  above  the  threshold,  there 
is  no  consistent  pattern  which  would  lead  to  a  false 
alarm  on  the  basis  of  the  aforemesitioned  criteria. 

6,  CONCLUSION 

Based  on  the  favorable  results  of  the  laboratory  tests, 
the  FAA  initiated  a  follow-on  program  to  examine 
real  baggage.  For  this  a  detection  system  was 
designed  and  constructed  in  a  trailer.  The  trailer  was 
transported  to  four  different  airports  and  tests  were 
conducted  on  a  sizeable  number  of  baggage  or  cargo 
items.  The  FAA  would  add  simulated  explosives  to 
selected  items  to  provide  information  on  detection 
rates  and  false  alarm  rates.  The  results  of  the  last 
two  tests  are  shown  in  Table  1.  The  results  pointed 
to  the  feasibility  of  moving  to  the  prototype  stage. 
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Tabie  I  Results  of  Aii  port  Tests 


Airport 

Number 
of  Bap 

Type 

Detedioii 

Rate 

False  Alarm 
Rate 

Chicago 

1,403 

Oifgo 

99.2% 

1.6% 

Philadelphia 

815 

Checked 

96.3% 

4.1% 

60 


Earth 


Shlaiding  &  Moderator 


Cavity  Width 


Thermal  Neutron 
Fiux 


Detector 


Output  to 
Bectronics 


Figure  1  A  Prompt  Neutrao  Activatioo  System 
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Figure  2  Comparison  of  the  Gamma  Ray  Count  Distribution  Pioducerl 
in  An  Array  of  Long  Narrow  Detectora  by  a  Sweater  and 

by  Dynamitr. 


Figures  View  of  the  Thennal  Noitron  AcdviboB  Cavity  witii  A 
Laige  Suitcaie  Inikle 
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Figure  4  Count  Distributkm  Produced  by  Dynamite  in  a  Large 

Suitcase 
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Figures  Woolen Sweaten  Packed  to 70%  of  Ca|«city  in i Large 

Suitcase 
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A  TRANSPORTABLE  LUGGAGE 
EXAMINATION  SYSTEM 
BASED  ON  NEUTRON  INTERROGATION 


D.B.  Syme  and  G.D.  James 
Harwell  Instnuoeats,  AEA  Industrial  Technolngy 
United  Kingdom 


1.  INTRODUCTION 

A  transportable  TNA  system  suitable  for  the  analysis 
of  passenger  luggage  has  been  designed,  built,  and 
tested  on  airport  luggage.  The  response  of  the 
system  to  passenger  luggage  and  to  luggage 
containing  explosive  simulant  has  enabled  the 
detection  performance  of  the  system  to  be 
determined.  The  system  uses  a  distribution  of  low 
strength  2S2Cf  sources  and  an  array  of  gamma-ray 
detectors  bordering  the  luggage  cavity.  This 
arrangement  gives  positional  information  for  bulk 
simulant  but  is  otherwise  equrJly  sensitive  to  bulk  and 
shest  simulant.  The  system  weighs  1.7  tonnes  end 
can  be  assembled  in  about  one  hour  from  components 
weighing  less  than  30  kg  each.  The  radiological  dose 
close  to  the  analyzer  is  less  than  l.S  /tSv/h.  Used  in 
coiyunction  with  an  X-ray  analyzer,  the  combined 
system  would  have  low  false  alarm  rate  (PAR)  and 
high  detection  performance. 

2.  THE  TRANSPORTABLE  TNA  CONCEPT 

In  a  TNA  system,  the  gamma-rays  produced  by 
thermal  neutron  capture  in  nitrogen  are  detected  and 
used  as  an  indication  of  the  presence  of  explosive 
material.  The  analyzer  must  exploit  the  difference 
between  the  distribution  and  level  of  signals  obtained 
from  the  nitrogen  content  of  ordinary  luggage,  and 
that  obtained  from  luggage  containing  explosive 
material.  A  transportable  TNA  luggage  analyzer  has 
been  designed,  constructed,  and  extensively  tested  on 
luggage  and  simulated  explosive  material  both  in  the 
laboratory  at  Harwell  and  at  a  military  airport,  and 
also  by  Home  Office  scientists  at  a  civil  airport.  The 
system  is  suitable  fur  use  at  conference  or  airport 
check-in  desks,  in  a  hotel  foyer,  on  the  apron  of  an 
airport,  or  on  the  platform  of  a  suitable  transport  van 
given  access  to  an  electrical  power  supply.  The 
system  weighs  1 .7  tonnes  »iri  can  be  moved  to  a  new 
location  in  the  form  of  sixty  shielding  blocks  each 
weighing  less  than  30  kg.  The  system  can  be 
assembled  in  about  an  hour.  The  shielding  is  such 
that  the  radiological  dose  on  contact,  and  the  dose  to 


the  operator  in  loading  luggage  on  to  the  analyrter,  is 
accq>tably  low.  The  normal  analysis  time  is  1 
minute.  In  this  time  good  detection  rates  arc 
obtained  when  the  false  alarms  from  ordinary  luggage 
are  set  to  acc^tabie  levels,  e.g.  S  % .  These  detection 
rates  are  almost  independent  of  the  form  of  the 
simulant  in  that  both  sheet  and  bulk  simulant  are 
detected  with  about  the  same  probability.  However, 
the  arrangement  of  sources  and  detectors  allows 
positional  information  to  be  obtained  for  bulk 
simulant.  This  information  would  be  valuable  in 
directing  the  attention  of  an  operator  at  an  X-ray 
analyzer.  A  system  which  combines  the  information 
from  a  transportable  TNA  system  with  an  X-ray 
system  would  give  a  high  detection  performance  with 
a  false  alarm  level  of  about  0.3%. 

3.  THE  TRANSPORTABLE  TNA  LUGGAGE 
ANALYZER 

The  upper  part  of  Figure  1  shows  a  perspective 
sketch  of  the  transportable  TNA  luggage  analyzer. 
Tlie  lower  part  of  the  figure  gives  a  cross  sectional 
view  which  shows  the  cavity  where  luggage  is  placed 
for  analysis,  and  the  form  of  the  surrounding  neutron 
shielding.  The  shield  measuies  2.1  x  1.6  x  1.1  m 
and  weighs  1.7  tonnes.  Each  of  the  sixty  piwes  into 
which  the  shield  can  be  dismantled  weighs  less  than 
30  kg  and  can  be  taken  through  a  standard  32.S  inch 
doorway.  The  cavity  is  lined  with  an  arrangement  of 
sources  and  detectors  on  each  side  of  the  suitcase 
position.  The  radiological  dose  rate  on  contact  with 
the  analyzer  is  about  l.S  /rSv/h.  The  pie(»  of 
luggage  to  be  analyzed  is  loaded  into  the  analyzing 
position  on  a  trolley  which  is  designed  to  provide 
good  radiological  protection  for  the  operator  both 
when  iit  is  fully  withdrawn,  and  also  when  it  is  fully 
closed.  It  is  estimated  that  the  dose  rate  to  the 
operator  during  an  eight  hour  day  is  less  than  2  pSv. 
The  regulations  governing  the  transit  of  radioactive 
material  allow  the  sources  to  be  transported  in  the 
diieldiog  components  which  they  occupy  during 
operation.  The  doses  received  by  operators  involved 
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in  the  removal  and  reassembly  of  tho  analyi^er 
below  measurem^ts  limits  on  a  OFE. 

In  the  present  design  the  gamma-ray  signals  from  the 
scintillation  detwtors  are  processed  by  Harwell 
Instruments  proprietary  series  electronics,  and  then 
displayed,  stored-  and  accessed  u£;ing  a  PC.  The 
operating  system  must  be  ^i%'en  suspect  count  levels 
which  must  be  determined  from  the  count  distribution 
of  data  from  ordinary  luggage.  These  levels  can  be 
set,  at  any  chos^  value  of  the  false  alarm  rate,  to 
indicate  suspect  luggage.  For  development  purposes, 
and  to  maintain  operational  records,  the  data  are 
stored  for  further  analysis. 

4.  PERFORMANCE  DEm-OPMENT 

Extensive  development  woric  has  been  carried  out  on 
the  shielding  and  disposition  of  detectors  relative  to 
the  source  arrangement  to  produce  a  system  almost 
equally  sensitive  to  bulk  and  shield  simulants  while 
retaining  positional  information  on  bulk  simulants. 
Initially,  reliable  performance  characteristics  were 
determined  by  laboratory  measurements  on  irmocent 
luggage,  on  luggage  loaded  in  a  variety  of  ways  with 
bulk,  and  sheet  simulant,  and  with  simulnot  material 
in  isolation.  These  -nults  were  reinforced  by 
independent  measurements  made  at  the  Harwell 
Laboratory  by  Home  Office  scientists  using  eighty 
assorted  suitcases,  and  extended  by  measurements  on 
300  suitcases  at  a  military  airport.  These  latter  results 
are  shown  in  Figure  2.  They  were  fmuid  to  be  in 
very  good  agreement  with  the  Laboratory  data,  giving 
much  the  umo  distribution  of  counts,  (he  same 
weight  dependence  of  counts,  and  thus  the  same 
counts  at  a  chosen  false  alarm  level. 

The  results  obtained  oaable  the  detectkm  probability 
to  be  determined  as  a  function  of  simulant  weight  for 
any  chosen  false  ^.lami  level.  At  S%  false  ahum, 
detection  probabitities  in  excess  of  90%  are  obtained 
for  simulant  weights  below  2  kg.  These  ase  average 
values  averaged  over  several  bulk  simulant  fiositiomi. 
As  a  result  of  this  averaging  process,  sheet  bulk 
simulants  have  roughly  equal  avmage  detection 
probabilities. 

Finally  an  extensive  scries  of  indepcndenl  triab  were 
carried  out  by  Homo  Office  scientistfi  at  a  civil 
airport.  Measurements  using  the  trans^iortable  INA 
system,  and  also  using  an  X'ray  system,  were  made 
on  7?2  pieces  of  passenger  luggage.  A  large  nundier 
of  pieces  were  measured  on  t^  TNA  system  urilh 
and  without  simulant  strapped  on  (be  outside  of  the 


luggage.  Simulant  weights  of  700  g  and  1  kg  were 
used.  Roughly  equal  nuidier  of  measurements  were 
performed  with  the  simulant  in  bulk  fbm  and  in 
sheet  form.  Experiments  wme  also  performed  cr; 
isolated  simukat,  and  on  siniulant  pla^  in  vad’^iis 
positions  inside  experimental  luggage.  These 
extrusive  measurements  allow  die  deteetkn 
p^oivibility  os  a  function  of  simiilaad  weight  to  be 
detamined  in  two  ways,  for  a  preset  value  of  the 
false  .ilarm  rate.  First,  by  coisbining  the  count 
distribution  from  passenger  luggage  with  the  response 
from  isolated  md  specially  packaged  simulant. 
Seemd,  by  direct  (bttermiDation  of  the  false  alarm 
rate  from  innocent  luggage,  and  of  the  detectfrai  rate 
from  luggage  to  which  a  known  weight  of  siinclact 
has  been  attached.  It  is  foimd  foat  the  results 
measured  in  these  two  ways  are  in  good  agreement 
It  was  also  possible  to  say  that  46  of  the  722  suitcaaet 
gave  concern  on  first  X-ray  image  examiaatioa,  and 
required  more  detailed  X-ray  examination.  Ten  of 
these  cases  would  have  needed  to  be  opened,  to 
resolve  suspicious  or  cluttered  areas,  on  die  bacta  of 
X-ray  alone.  This  gives  an  upper  X-ray  folse  alarm 
level  of  6.5%  Mihich  could  be  combined  with  a  5% 
TNA  fdse  alarm  level  to  give  a  combined  opentiooal 
false  alarm  level  of  0.3%. 

5.  SUMMARY 

Ihe  transportable  'iNA  luggage  analyser  (^dUBdeied 
ifl  this  report  has  been  t^itimixed  so  &ai  it  pertonna 
well  on  simnliint  tiApiDiave  auterial  in  bodi  bulk  and 
sheet  forni.  performaoee  charactnriatica 

detennined  in  the  iahorafory  have  been  ooedirmed  by 
extensive  meiseuremeuhi  on  paaaenger  luggage  at  two 
airports.  “ih»  sytdem  is  radiologicaily  mfe  and  givea 
minima)  to  operating  atalT.  Within  a 

re3,9ci!iably  ahori  e.na]yaia  time,  (he  detsetioa 
pre^/iftiy  is  hi^  for  an  accepuMy  low  falm  altim 
rate.  For  bulk  material  the  ayatem  gives  uaefhl 
iaformation  which  can  be  weed  to  aeiist 
subeequeot  X-ray  atudyiis.  For  a  combined  TNA  md 
X-ray  ay^em  it  has  been  abowa  that  fidae  alarm  nhta 
Oi  0.3%  can  be  achieved. 
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1.  INTRODUCTION 

Original  FAA  work  in  the  use  of  TNA  for  explosive 
detection  started  in  the  mid  l970’8  with  a  contract  to 
Westinghouse,  which  led  to  the  development  of  a 
crude  EDS  using  low  resolution  plastic  scintillators 
and  single  threshold  level  electronics.  This  early 
system  development  was  aimed  at  the  detection  of 
bulk  explosives.  Nearly  a  decade  later,  in  response 
to  the  bombing  of  the  Adr  India  flight  out  of  Carutda, 
the  FAA  issued  requests  for  new  innovations  in  non" 
vapor  EDS  systems.  TNA  technology  was  again 
chosen  for  funding.  Science  Applications 
International  Corporation  (SAIQ  was  awarded 
contracts  to  investigate  the  TNA  system  based  on 
both  an  isotopic  ^f  source  and  an  electronic 
neutron  generator  (ENO).  SAIC’s  experience  in  the 
qrplicatioa  of  TNA  to  non-destructive  excmination 
(NDE)  of  various  bulk  materials  ''or  over  ten  years 
and  die  proposed  innovatioos  for  the  application  of 
the  TNA  technology  to  EDS  were  the  keys  to  these 
efforts. 

Althot^  the  SAIC  proposal  originally  called  for  the 
detecdoo  of  bulk  explosives  (C4  in  bulk  form,  water 
gel,  and  dynamite),  the  qrecificattons  were  later 
modified  to  include  the  detection  of  a  reduced  threat, 
and  sheet  explosives  such  as  RDX/PETN  or  Smidex. 
Ihese  explosives  had  been  found  in  various 
configutatioos  in  passeogw  luggage.  When  placed  in 
thin  sheets  inside  die  lining  of  a  suitcase,  RDX/PETN 
and/or  Sentex  are  practically  undetectable,  even  in  a 
hand  search.  During  the  TNA  research  and 
develo|mieot,  nuyor  breakthroughs  were  made  in 
source  moderation,  system  materials  and 
construction,  detector  coufigutations,  electronic 
signal  processing,  and  decision  analysis.  In  response 
to  the  accelerated  schedule  called  for  by  the  FAA,  the 


two  prototype  EDS  systems  -  Cf-based  and  ENG- 
based  ~  were  developed,  designed,  fabricated,  and 
tested  in  the  laboratory  within  IS  months. 
Subsequently,  the  two  systems  were  taken  to  six 
airiine  locations  (in  SFO  and  LAX)  and  their 
performance  were  tested  using  over  40,000  pieces  of 
mostly  domestic  luggage.  Using  a  weighted 
distribution  of  simulated  explosives,  the  systems  were 
demonstrated  to  have  a  performance  of  approximately 
95  %  probability  of  detwti<m  (P,,)  and  S  %  probability 
of  fidse  alarm  (P^.  'his  was  tested  against  the 
domestic  bag  distribution  encountered,  and  for  the 
FAA  speciried  amount  and  varieties  of  explosives 
defined  as  a  "threat  level*.  Por  internation^  bags, 
and  for  the  FAA  defined  reduced  threat,  the  P,|  is 
somewhat  reduced  with  a  higher,  but  still  usable 

Last  fall,  SAIC  initiated  a  TNA  EDS  Performance 
Inqirovemont  Study  to  address  the  problem  of 
detecting  smaller  quantities  of  explosives  with  TNA 
EDS,  while  maintaining  or  inqiroving  current  levels 
of  detection  and  false  alarm  performance.  The 
purpose  of  this  internally  funded  study  was  to  develop 
a  set  of  qwcific  recommendations  for  signal 
proceaaing  c^ges,  and  system  eonancements,  to 
improve  the  TNA  EDS  performance,  particularly  to 
reduce  fidse  alarms,  and  to  develop  a  foil  system 
simulation  c^iable  of  predicting  system  performance 
against  various  threats,  basMl  upon  threat 
qiecifications,  clutter  databases,  and  present  and 
foture  design  parameters. 

2.  PERFORMANCE  EVALUATION  AND 
REQUIREMENTS 

In  this  section,  we  will  develop,  in  engineering  units, 
the  performance  of  the  present  system,  and  the  gains 
required  to  handle  the  reduced  explosive  threat. 


;o 


TNA  EDS  Perfonnance  is  q>ecified  by  a  pair  of 
numbers:  probability  of  detection,  Pj,  and  probability 
of  fidae  alarm,  P^,  for  a  particular  di8tributi<m  of 
explosive  types.  This  distribution  was  qiecified  by 
the  FAA  as  a  distributicMi  of  explosive  types  at  "full 
tiueaf  amounts.  The  objective  of  (he  present 
program  is  to  maintain  current  *iull  threat*  d^ecdon 
performance  for  the  FAA  explosive  distribution  at  a 
reduced  threat  level.  The  initial  TNA  EDS 
performance  varies  somewhat;  for  the  most  fovorable 
case,  summer-domestic  luggage,  P^  95%,  P,,  « 

S  %  has  been  demonstrated.  For  winter-intematiooal 
baggage,  performance  fidls  to  about  P^  «  90%,  P^^ 
»  12%.  These  two  operating  points  are  con^ored 
on  Figure  1. 

The  chart  plots  operating  characteristics, 
combinations  of  P4  and  P,,,  on  probability  scales 
(sometimes  referred  to  as  ROC  curves  for  jeceivor 
operating  characteristics,  using  terminology 
developed  by  radar  engineers).  The  result  is  that  the 
P4,  P|^  pairs  corresponding  to  a  constant  signal  to 
noise  ratio  (for  a  constant  signal,  Oaussien  noise 
model)  fall  on  straight  lines.  Each  line  rq)reseots  a 
level  of  performance.  One  'vin  move  along  the  iso- 
SNR  lines  simply  by  changing  detection  threshold. 
Real  performance  gains  are  achieved  by  moving 
across  the  iso-SNR  lines  toward  the  upper  left.  The 
FAA  Goal  for  the  present  effort  is  a  S  dB 
performance  gain. 

3.  PERFORMANCE  OPTIMIZATION 
APPROACH 

The  required  performance  improvements  can  only  be 
obtained  through  a  systematic  engineering  and  dmign 
approach  using  coordinated  experimental 
measurements,  data  analysis,  and  modeling  effcwts. 
The  current  program  evaluates  in  a  unified 
quantitative  framework,  those  elements  of  the  TNA 
measurement  technology  and  data  processing  stream 
that  are  most  critical  to  the  detection  performance, 
and  focuses  our  efforts  on  improvements  in  these 
areas.  The  present  program  has  two  goals;  the  first 
is  to  generate  an  optimal  system  design  that  can  be 
implemented  within  the  constraints  of  the  present 
budget  and  schedule,  and  that  will  meet  the  FAA 
goals  with  regards  to  reduced  throat  performance,  i.e. 
>  S  dB  improvement.  The  second  goal  is  to  validate 
the  TNASIM/TNASIR  r^'dels,  and  this  quantitative 
optimization  approach  to  system  design,  for  TNA 
EDS. 


Within  the  scope  ot  die  present  program  we  have 
available  a  beaeline  TNA  EDS  machine,  and  the 
opportunity  to  imideaMnt  and  test  one  new  optimized 
meriiine  design.  We  will  ccdlect  data  with  both  die 
baseline  and  optimized  marJiiiws  <hi  a  test  set  of 
luggage  available  in  lie  labocatoiy.  The  luggage  will 
be  messured  widuut  esqdosives,  and  vddi  full  and 
reduced  direats.  These  two  machine  designs 
operating  against  two  tfaieat  leveb  will  provide,  four 
perfotmonce  points  to  con^are  with  the 
TNASIM/TNASIR  predictiaiu.  If  it  can  be 
demonatiated  diat  dim  Uxds  can  adequately  predict 
performance  as  a  fonction  of  Systran  derign  and 
diieot,  dun  future  designs  to  meet  increased 
performance  reipiiieaieots,  or  to  perform  against 
more  difficult  duaats,  can  confidently  be  projected. 

The  system  engineering  provides  technical  focus  and 
coordination  for  the  present  program: 
performance,  performing  design  trade-off  analysis 
using  the  TNASIM/TNASIR  system  reqmnse  and 
performance  model,  defining  areas  wiim  furdier 
measurements  are  needed,  defining  areas  of  particular 
focus  for  the  analysts,  and  a  performance 

baseline.  A  perfcumraice  baseline  is  being  establidied 
by  processing  the  luggage  set  collated  in  the 
laboratory  widi  the  unmodified  TNA  EDS.  It  is 
likely  dud  the  absolute  P^/Pa  results  from  this 
bsseline  may  be  biased  relative  to  operational 
experience,  due  to  die  limited  number  of  tegs 
available  in  the  lab.  This  same  refermce  luggage  aet 
will  be  used  for  all  tests  as  system  hardware  and 
processing  algorithm  modificatiotos  are  implemented, 
and  therefore  the  biases  should  be  consiiteiit  fi>r  all 
the  lab  data  colkctioos.  A  second  parallel  baseline  is 
established  by  using  the  present  TNA  EDS  design 
panmet'iis  in  the  l^NASIM  and  TNASIR  models.  It 
is  through  the  relationriiip  of  dm  experimental  and 
estimated  baselines  dut  predictions  for  paper,  designs 
are  calibrated  to  real  performance.  When  dm 
optimized  TNA  EDS  wschiofi  becomes  available,  this 
same  luggage  set  will  be  processed,  and  an 
’improved*  set  of  Rt/P^’s  will  be  calcuhUed.  The 
absolute  and  relative  performance  of  these  two 
tnachitm  designs  against  the  two  threat  levels  will  be 
compared  to  the  absolute  and  relative  performance 
predictions  of  the  model  suite.  The  initial 
comparisons  of  the  model  predictiooswidi  operational 
data  show  good  agreement. 

At  the  time  of  the  writing  of  this  paper  we  have 
evaluated  twcnty-ei^t  candidate  system  designs. 
These  designs  are  constrained  to  be  *elativuly  minor 
modifications  to  the  baseline  system  hardware.  We 
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anticipate  evaluatmg  more  designs  before  a  final 
candidate  is  selected,  but  already  a  couple  of  the 
candidates  i^ipear  to  meet  the  FAA  requirements. 
The  remainder  of  the  discussion  will  be  restricted  to 
these  twenty-eight  designs  for  which  the  analysis  is 
conqilete.  It  is  inqwrtant  to  note  that  the  complete 
analysis  of  a  candidate  system  design  requires  only  a 
few  hours  on  a  workstation  class  computer  (  i.e. 
SUN  SPARC  2  ),  as  opposed  to  the  months  of  effort 
that  would  be  required  to  perform  the  hardware 
modifications  and  testing  required  for  laboratory 
evaluation  of  a  design. 

4.  TNASIM  -  TNA  SYSTEMS  SIMULATOR 

A  complete,  validated,  end-to-end  system  model  is 
required  to  efficiently  probe  the  large  parameter 
space  of  possible  TNA  system  designs,  and  to 
quantify  ultimate  explosive  discrimination 
performance  for  changes  of  detailed  system 
parameters.  The  objective  of  such  a  mode!  is  to 
permit  a  large  number  of  system  design  trades  to  be 
performed,  and  performance  impact  to  be  quantified, 
without  the  necessity  of  full  experimental  verification 
for  each  design  configuration.  In  a  system  of  this 
complexity  most  system  modifications  have  numerous 
intenolated  performance  impacts,  some  beneficial, 
others  detrimental.  Detector  modifications  are  one 
such  example.  The  modification  of  a  detector  design 
to  improve  specificity,  for  example,  could  also  lower 
overall  counting  rates,  and  therefore,  signal  counting 
rates.  Further,  optimal  design  settings  for  all  such 
parameters  must  be  determined  if  the  best  possible 
TNA  EDS  system  perfonoance  is  to  be  achieved;  an 
engineering  best  estimate  will  not  oc  sufficient. 

This  required  performance  model,  TNASIM,  is  under 
continuing  development,  and  has  been  validated  by 
numerous  experimental  measures.  All  facets  of  the 
measurement  and  detection  process  are  modeled,  and 
the  intent  is  to  validate  the  model  components  against 
experimental  measures  wherever  po.ssible.  It  is 
anticipated  that  numerous  system  configurations; 
varying  detector  types,  numbers  of  detectors,  neutron 
source  strengths,  shielding  configurations,  auxiliary 
detector  channels,  and  qwtial  configurations,  will  be 
tested  within  the  context  of  the  model,  and  only  the 
most  promising  will  need  to  be  verified 
experimentally.  The  TNASIM  model  is  capable  of 
generating  an  estimate  of  machine  responre,  as  has 
been  used  for  the  present  analysis.  The  model  is  also 
capable  of  generating  a  Monte  Carlo  realisation  of  a 
luggage  measurement  set  with  any  specified  threat  or 
luggage  clutter  distribution. 


The  TNASIM  model  uses  extensive  computational 
siq^rt  from  more  sophisticated  neutron  transport 
models  such  as  MORSE  as  well  as  experimental 
validation,  for  the  modeling  of  neutron  effects  with 
regard  to  luggage  and  shielding  interactions. 
TNASIM  also  rdies  iqxm  MCNP  and  experimental 
measurements  for  detailed  modeling  of  the  detector 
^atial  and  spectral  response,  and  noise  performance 
estimates. 

MCNP  and  MORSE  are  industry  standard,  general 
purpose  Mcmte  Cario  codes  for  neutron,  electron  and 
phobm  transport.  MCNP  was  developed  at  the  Los 
Alamos  National  Laboratory  (LANL)  over  the  past 
3S  years.  MORSE  r^iesents  a  similar  development 
effort  from  Oak  Ridge  National  Laboratory.  These 
codes  use  a  Monte  Carlo  approach  to  theoretically 
duplicate  a  statistical  proce.ss  (such  as  the  interaction 
of  neutrons  and  photons  with  nuclei)  and  are 
extremely  useful  for  complex  problems  involving 
many  different  kind  of  materials  and  geometries,  that 
cannot  be  efficiently  modeled  by  deterministic 
methods. 

The  detector  model  incorporated  in  TN  ASIM  has  also 
been  calibrated  against  controlled  experiments 
measuring  the  response  f  sodium  iodide  (NaI(Tl)) 
scintillators  from  a  known  source  focated  at  specified 
positions  within  the  cavity.  These  experiments  have 
been  performed  within  a  variety  of  detector 
configurations.  We  are  also  capable  of  modeling 
other  types  of  scintillators  for  TNASIM  such  as 
bismuth  germinate  (BGO),  and  other  more  exotic 
materials.  With  multiple  detector  models,  TNASIM 
can  explore  the  consequence  of  utilizing  a 
combination  of  different  detectors  in  varying 
conHgurations  and  sizes. 

The  TNASIM  has  been  used  during  the  present  effort 
to  create  a  software  realization  of  twenty-eight 
designs,  and  to  evaluate  the  performance  impact  of 
these  design  for  explosive  discrimination. 

5.  TNASIR  -  TNA  SIGNAL  TO  INTERFERENCE 
ESTIMATOR 

TNASIR  is  a  model  to  predict  the  performance  of  an 
idealized  detection  processor  based  upon  a  specified 
threat,  noise  and  clutter  statistics,  and  model  inputs 
from  TNASIM  for  the  detailed  system  response. 
This  allows  for  r^>id  analysis  of  the  relative  merits  of 
various  system  designs.  Within  the  accuracy  of  the 
assumed  noise  and  system  models,  this  processor 
provides  an  idealized  best  estinute  of  system 
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diona  ttoit: 


of  adaevtfig  die  peffonmace  of  tbix  idwiliTfid 
processor,  diis  tedinique  duold  piovide  food 
estimates  of  the  relative  petfonaaacc  of  differeat 
cmJigunitioQa,  aad  a  modestly  accurate  estimate  of 
absolute  system  perfonsiance.  It  is  possible  to 
ioclude  within  die  context  of  such  an  ideslined 
processor  perfonmutce  losses  to  account  for  less  than 
perfect  processors.  A  sin^  sf^uoach  to  account  for 
these  losses  will  be  presented. 

Also  under  development  is  a  detection  processor  that 
can  analyze  either  sinwlated  Ing  data  sets  produced 
by  TNASIM,  or  teal  dida,  for  any  specified  system 
configuration,  TNASIR II.  The  detn^on  processor 
will  be  constructed  as  a  Maximum  Umlihood 
precursor,  mimicking  the  idealized  detection  model. 
It  is  possible  vdiea  workiEg  with  real  data,  for  a 
single  system  configuntion,  to  produce  a  hi^y 
qjtimized  diacriminstion  procesaor,  or  ANS 
processor,  that  can  ouQwrfotm  our  ^qproximatko  to 
a  Maximum  Likelihood  processor,  and  diia  it  indeed 
done  for  the  operational  system.  The  TNASIR  n 
processor  should  be  capable  of  providing  near 
optimal  performance,  while  still  providing  traceability 
to  the  laodel  results,  and  thus  will  be  very  useful  in 
highlighting  deficiencies  in  critical  areu  of  the 
m^eling,  as  well  as  providing  s  second  discriminator 
for  the  various  system  designs.  The  remamder  of 
this  section  will  provide  a  discutsioa  of  the  structure 
of  the  TNASIR  idealized  detection  procesaor,  and 
results  from  that  analysis. 

The  spirit  of  the  analysis  in  the  TNASIR  processor  is 
to  model  the  most  relevant  system  characteristics; 
signal,  background,  noise,  clutter,  and  qritem 
response,  for  each  candidate  design,  miking 
approximations  where  necessary,  and  evaluate  the 
performance  of  each  design  in  a  quantitative  manner. 
If  in  this  process,  an  assumption  is  needed  for  some 
system  or  environmental  parameter,  then  the  accuracy 
and  sensitivity  of  the  final  results  are  tested  as  a 
function  of  the  assumed  parameter.  If  the  results  are 
found  sensitive,  then  knowledge  of  this  particular 
parameter  is  identified  as  an  area  in  need  of 
refinement.  In  general  the  ttgure  of  merit  for  the 
system  design  is  P^/Ph*  which  is  a  logarithmic 
measure  of  the  basic  physics.  Thus  a  complete 
quantitative  treatment  of  the  entire 
measurement/detection  process  usually  provides  good 
results,  even  if  there  are  modest  inaccuracies,  and 
best  guess  assumptions  in  some  of  the  basic 
environmental  statistical  factors. 


•  SNR  -  Signal  to  Noiae  Ratio  in  toe  abseoce 

dutter.  hi  geaenl  this  result  is  only  of 
^  modert  use,  riaoe  (br  toe  bulk  of  toe 
eperatsoB  penmeler  ipnce  we  find  toa 
r***«^****^  to  be  linitod  by  chdter. 

•  SIR  -  Signal  to  hotecfetaice  Ratio.  This  is 
an  fiatimato  oi  toe  petfotmance  of  toe  foil 
system  for  a  qiecified  threat  against  boto 
noise  and  envitoomeatai  clutter.  This  is  toa 
primsiy  figme  ai  merit  as  it  has  direct 
tracaafolity  to 

•  Estimatioo  Accuracy.  The  mherset 
capability,  and  intrinsic  enoia  of  a  particttlar 
qnttem  deagn  to  earimate  inqportant  boaab 
parameters  sadi  as  density,  size,  and 
poaitkn  witoia  toe  tuggaie  ate  etdmaled  by 
nse  of  toe  Crammer  Rao  bound.  Thaae 
panuneteia  provide  n  important  aecend 
order  meeatiie  of  toe  qrstsm's  pntfbnBMoe, 
and  of  toe  overall  maanenMot  accuracy  and 
qiedficity.  Thaae  measures  could  become 
important  to  an  online  system  algoritom  if 
an  atteoipt  is  made  to  eatimate  pacific 
parametora  of  emto  detection  in  an  eflfort  to 
mitigate  folae  alanm.  These  eatimation 
accuracy  hounds  a»  also  an  important 
meeunro  of  toe  rohnitnam  of  a  particular 
tyatemdmign. 

We  now  present  toe  stiuctun  of  toe  calculations  for 
toe  Signal  to  Intorferonce  Ratio  •  SIR,  and  estimatioa 
eiron  in  toe  piessoce  of  clutter,  toe  clutter  fine  cese 
can  be  recovered  by  istting  toe  clutter' covariance 
mabix  equal  to  toe  identity.  The  rignalia  modeled  as 
a  3-d  recbmgular  volume  of  nitrogen  in  excess  of  toe 
background.  The  dinMusiaos  of  toe  volume  can  be 
chosen  to  match  a  bulk  toreat  at  either  foil  or  reduced 
strengths,  and  can  alto  be  (tooeen  to  match  a  sheet 
toieet.  The  threat  can  be  positioned  anyvriiere  within 
toe  bag;  toe  SIR*s  are  calculated  for  ^)ecific 
poaitioos,  and  aa  avenge  SIR’S  over  an  ensemble 
position  within  toe  luggage. 

The  background  nitrogen  distribution  within  a  volume 
is  denoted  as  S0t),  where  X  denotes  position  within 
toe  volume.  We  will  model  the  nitrogen  as  a 
emutant  level  /i,  and  a  zero  mean  spatially  varying 
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caaDfKneat  (  dutter  )  S(x),  Le.: 

5(x)  =  |i  +  S(jc) 

(S(jc)>  =  n 

For  this  soslysis  (  )  will  imply  an  eaasnibls  over  a 
distribution  of  luggage.  We  will  assume  that  the 
dutter  is  Gaussian  distributed,  acd  therefore  it  is 
completely  characterized  by  its  joint  probability 
distribution.  For  the  assumed  zero  mean  process  the 
joint  covariance  is: 

C(xt  ,X2)= ^S(xi  )S(x2)j  -  C(jii  - 


We  nave  also  assumed  that  the  covariance  is  spatially 
invariant,  sad  therefore  only  dq>ands  on  the 
sqisration  distance,  not  the  position  within  the  bag. 
At  this  point  we  have  made  a  number  of  significant 
assumptions  about  the  statistical  lutute,  and  spatial 
structure  of  the  clutter.  We  use  our  extensive 
database  of  luggage  dutter  collected  by  teal 
<q)etatiooal  fidd  machines  to  calibrate  the  diagonal 
elemeats  of  otir  dutter  covariance.  The  detailed 
qntial  structure  is  assumed  to  fit  an  ad-4ioc  model. 
We  have  analyzed  a  number  of  different  models  for 
the  detailed  nature  of  the  qtatial  structure,  and  we 
have  found  only  a  weak  sensitivity  of  our  final  results 
on  the  choice  of  model.  The  relative  performance  of 
different  dedgns  tiiat  ate  presently  under 
consideration  are  very  insensitive  to  the  detailed 
spatial  structure  of  the  clutter,  and  therefore,  for  the 
fomily  of  designs  under  present  c  jnsideration  we  wiU 
assume  our  present  model  is  sufficient.  This  is  not  to 
argue  that  dutter  is  uninqrortsnt  in  these  calculstioos. 
Indeed  the  strength  of  the  clutter,  which  we  fit  to  real 
data  is  a  critical  parameter  in  our  analysis.  It  is  only 
the  detailed  qwtial  structure  that  is  found  to  be 
relatively  unimportant. 

For  the  results  that  will  be  discussed  later  we  will  use 
a  Gauss  Maikov  model  for  the  dutten 
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absolute  performance  estimates  are  critically 
dependent  <m  dutter  strength;  the  relative 
performance  for  the  designs  presently  under 
consideiation  ate  someudut  insensitive  to  clutter  scale 
lengths.  This  seemingly  countn-intuitive  result  does 
indeed  make  good  i^ysical  sense.  All  of  tire  new 
desigiu  attempt  to  <q>timize  signal  while  rejecting 
dutter  on  the  scale  lengths  other  than  the  spatial 
acalea  of  the  sigiud.  The  correlation  scale  lengths  in 
the  clutter  model,  (  Xg,  yg,  Zo  J,  adjust  the  relative 
amount  of  dutter  in  the  different  spatial  scales, 
target  scale  lengths  vt.  non-target  scales,  and  thus 
the  overall  peifonnance  is  affected.  All  of  the 
designs  chosen  are  reasonably  effective  at  rejecting 
dutter  on  scales  other  than  target  scale  lengths.  The 
overall  performance  is  found  to  be  more  sensitive  to 
the  signal  and  noise  efficiency  with  which  this 
primary  clutter  ngection  is  performed,  rather  than  the 
detailed  shape  of  the  clutter  rejection  and  its 
interaction  with  the  shape  of  the  clutter  model. 
There  are  designs  vriiere  the  detailed  clutter  shipe 
and  clutter  rqecticm  patterns  are  critical  to 
performance,  but  these  deigns  toid  to  be  very  high 
performance  designs  where  we  are  attenqjting  to  very 
precisely  notch  the  response  of  the  detectors  to  the 
signal,  relative  to  the  clutter,  and  are  not  realizable 
physically  within  the  context  of  an  airport  and 
luggage  environment. 

The  next  important  ingredient  for  the  TNASIR 
analysis  is  the  machine’s  response  to  a  given 
distribution  of  nitrogen.  The  actual  resprmse  is  a 
very  complicated  Action  of  detector  geometry, 
aouice  effects,  cavity  configuration,  and  unfortunately 
the  luggage  nitrogen  content  (  and  other  elements  ). 
We  assume  that  the  machine  response  only  depeads 
on  the  detailed  machine  configuration,  and  an  avenge 
bag  demeatal  content.  This  is  a  linearization  of  the 
TNA  system  response  for  an  avenge  bag.  The 
TNASIM  modd  provides  the  complex  response 
functions  for  each  detector  when  a  measurement  in 
the  i*  detector  is  described  by: 


where  o^is  fit  to  resl  dsts,  snd  ( y#,  j  are  the 
correlstion  scale  lengths  in  the  different  directions. 
The  new  designs  have  specifically  been  chosen  to 
mitigate  the  effects  of  clutter  in  a  manner  that  is 
sensitive  to  signal  and  noise  coQsidentioQS.  The 


where  W,(J)ia  the  detailed  system  response  provided 
by  TNASIM,  and  n  is  the  noise  estimated  for  the 
detector. 
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are  fit  to  a  parametiic  model  of  fiw  fi>rm: 

W“® 

when  the  (Mi)  is  the  mean  clean  bag  measunmeot, 
NF  is  noise  figiue  for  a  given  detector,  and  F  is  a 
noise  floor,  or  dailc  current.  The  esdmate  for  the 
parameters  m  the  noise  model  an  provided  by  a  fit  to 
existing  data,  and  from  estimates  from  TNASIM. 
The  TNASIR  calculations  have  identified  these  noise 
models  as  an  ana  m  need  of  further  calibration,  and 
a  measunment  program  to  in^irove  our  knowledge  in 
this  area  is  under  way.  The  noise  performance  of  the 
present  system  is  well  understood,  although  then  is 
at  present  some  uncertainty  with  ngards  to  noise  and 
interference  effects  for  many  of  the  pqwr  designs. 

Assuming  an  additive  target  we  can  now  construct  the 
expected  value  of  a  measunment  in  the  absmice  of  a 
bomb,  the  HO  hypothesis,  and  in  the  presence'  of  a 
bomb  described  by  the  parameters  a,  the  Hi 
hypothesis. 

{M|lf  l(o))  -  (m\ + J  lF(*)B(^,a)tf 

when  fi(x,a)  is  the  spatial  distribution  of  nitrogee 
for  a  thr^  widi  the  parameters  a.  The  parameters 
a  describe  the  width,  position,  and  nitrogen 
content  of  a  chosen  threat.  We  will  choose  to  wr»k 
with  mean  removed  measurements  for  the  remainder 
of  the  analysis. 

(wif/o) »  {m(wo)-{v}^  »  0 

A 

when  is  the  bomb  observable.  Baaed  upon  the 
pnvious  assumptions  we  now  estimate  the 
measunment  covariance  to  be: 

The  last  term  is  the  noise  term,  which  is  uncorreiated 
from  detector  to  detector. 


fiiat  is  normalized  by  both  the  noise  and  clutter 
comlatiaas.  This  "half  whitened*  nwimnet  is: 


when  A^A  is  the  Cholesky  decoopositioa  of  the 
measunment  covariance,  lb  these  conrrlinatis  foe 
statistics  of  the  observables  are: 

(a«o).o 

(I|«1,>.A-'4  •■!(«) 

This  iiwpii—  font  foene  new  *helf  wbilaned* 
measurements  an  uncorreiated  and  «rf  —it  verieewe. 
In  theee  new  coordinatee  foe  SIR  is  calculelBd  SK 

I 

The  calculation  of  foe  Fiecbar  infat— Hon  melitt  is 
greatly  simplified  in  this  new  rnnidinfoe  syetine; 


The  Craaamer  Rao  bound  implies  that  foe  error 
variance  lor  an  estiiimte  6.0#  foe  penuMlar  o^is 
bounded  below  by: 

VarigDoe(o«-G;«)2tJ^ 

An  excellent  nference  for  this  material  is  provided 
by  "DttealoH,  EstlnutUm,  «md  Moduiatkm  Theory* 
( VanTnes.  196S). 

We  vdll  now  discuss  some  selected  results  from  foe 
above  described  analysis.  Figure  2  shows  foe  SIR 
for  the  twenty-eight  candidate  system  designe. 
Design  caw  number  1  is  our  model  for  foe  baseliae 
machine.  The  estimated  10  dB  performance  can 
compared  to  the  8  dB  of  perfonoance  di^layed 
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Figure  1  for  wiuter  international  luggage  widt  some 
caudoQ.  The  clutter  and  the  threat  level  for  the 
TNASIR  analysis  has  been  calibrated  to  this  winter 
international  case.  The  performance  displayed  in 
Figtue  1  is  an  average  over  threats  and  positions 
within  die  bag.  Figure  2  displays  the  performance 
for  a  bulk  threat,  in  the  center  of  the  luggage. 
Within  the  context  of  these  limitations,  the  2  dB 
spread  in  performance  between  actual  and  predicted 
is  quite  good.  Whoi  this  analysis  is  repeated  for 
reduced  threat  levels  the  model  predictions  and 
experiments  observations  again  provide  good 
agreement. 

The  present  analysis  does  not  take  into  account 
performance  loss  due  to  a  less  than  idealized 
processor.  For  example,  one  hundred  measurements 
each  of  a  signal  to  noise  ratio  of  1/10,  are  valued 
equal  to  a  single  measurement  of  signal  to  noise  10. 
This  is  unrealistic  since  engineering  limitations 
conspire  to  make  it  difficult  to  accumulate  many  very 
small  meamirements  for  a  detection.  Figure  3 
displays  two  estimates  of  SIR  for  each  candidate 
design.  The  first  'SIR  -  Threshold  =  0.0"  is  the 
same  plot  as  Figure  2.  The  second  trace,  ”SIR  - 
Threshold  =  0.1’,  only  accumulates  individual 
measurements  with  a  SIR  greater  than  the  threshold 
of  0. 1  to  the  total  system  SIR.  Though  qualitative, 
this  mcorporates  some  measure  of  anticipated 
systematic  errors  from  real  world  concerns.  Notice 
that  many  of  die  candidate  designs  are  significantly 
more  robust  to  this  measure  than  the  baseline 
machine. 

Figure  4  displays  the  rms  estimatic  .i  error  for  each  of 
the  candidate  designs,  for  one  of  the  intrinsic  bomb 
parameter^.  In  this  case  we  display  the  average  rms 
error  for  foe  estimation  of  the  width  of  the  explosive 
cube  relative  to  an  arbitrary  baseline.  This  second 
order  measure  of  performance  is  an  important 
qualitative  measure  of  the  specificity  and  robustness 
a  particular  nuKihine  design  has  against  a  specific 
threat.  These  error  measures  may  also  become 
important  for  algcvithms  that  estimate  parameters  for 
each  detectkn,  in  an  effort  to  mitigate  false  alarms. 

Figure  S  provides  an  estimate  of  the  TNA  EDS 
performance  in  the  absence  of  clutter.  One  of  the 
authors  has  often  suggested  that  passenger  luggage 
should  be  ground  to  a  uniform  slurry  before  the 
addition  of  an  explosive.  We  see  that  this  practically 
difficult  proposal  would  provide  for  a  9  dB 
performance  improvement.  Note  that  a  9  dB 
performance  improvement  roughly  corresponds  to  the 


difference  in  the  present  performance  of  90%  with 
a  fidse  alarm  rate  of  one  in  ten  (winter  International), 
to  a  98%  P4  with  a  fidse  alarm  rate  of  one  in  ten 
thousand.  A  very  important  conclusion  must  be 
drawn  from  this  result:  If  performance  and  analysis 
for  the  FAA  explosive  detection  program  are 
performed  without  specific,  detailed  inclusion  of 
effects  of  luggage  clutter,  the  results  have  little 
applicability  to  the  real  threat. 

(.  CONCLUSIONS 

The  conclusions  that  we  look  forward  to  making  as 
this  program  maturaa,  are  that  the  optimized  design 
chosen  from  the  TNASIM/TNASIR  modeling  effort 
meets  or  exceeds  the  FAA  performance  requirement 
for  reduced  threat,  and  that  our  systematic  design 
effort  is  capable  of  predicting  TNA  EDS  performance 
for  paper  designs.  The  preliminary  indications  are 
encouraging,  but  much  work  is  still  to  be  done.  The 
models  predict  an  absolute  performance  for  the 
reference  system  of  10  dB,  which  is  to  be  cautiously 
compared  to  the  observed  8  dB  performance.  The 
real  test  will  be  to  demonstrate  the  5  dB  overall 
performance  improvement  for  our  soon  to  be  made 
design  selection. 

One  important  conclusion  can  be  drawn  from  the 
present  analysis,  and  operational  experience.  All 
performance  analysis  for  TNA  EDS  must  include 
specific  calculations  for  clutter  effects  to  have  any 
validity  for  airport  performance. 
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1.  INTRODUCTION 

Techniques  for  detecting  chemical  explosivea  in 
passenger  luggage  nuist  be  capable  of  unequivocally 
and  r^dly  identifying  the  thr^  in  the  luggage  with 
a  negligiUe  rate  of  Mse  alarms.  This  can  be 
achieved  by  using  nuclear  radiations  for  a  non- 
intruaive  measurement  of  the  chemical  composition, 
including  mapping  of  elements  of  the  contents  of 
luggage.  Nuclear  techniques  have  been  used  for  a 
long  time  to  nveasure  chemical  compositions.  This 
paper  describes  a  method  of  detecting  explosives, 
based  on  the  ginuaa-ray  spectrometr)’  in  inelastic 
.scattering  of  pulsed  fast  neutrons.  This  interaction 
loads  to  excitation  of  low-lying  energy  states  of  nuclei 
of  all  the  elements  of  importance  m  explosives.  The 
uud.'irlymg  nuclear  technique  is  rather  well 
undorstoxvl  and  was  developed  in  for  studiea 

of  nuclear  structures.  The  elemental  oompusilioos  of 
explosives  have  a  unique  feature:  a  concomitant  high 
contrst  of  nitrogen  and  oxygen  in  addition  to 
hydrogtn  and  carbon.  This  distiactiv^iieM  of 
explosives  fscilitsba  their  detection  in  the  presence  of 
benign  malenala  in  the  luggage  by  using  timo-of- 
flight  gamma-ray  ^rectroarctry,  which  is  at  the  core 
of  the  PFNA-tochatquc  conceived  by  SAIC  in  1987'. 
The  high  contenu  of  nitrogen  and  oxygen  can  be 
demonstrated  gri{db.'cally  (see  Figure  1)  by 
pt  3  discriminant,  which  U  the  product  of  the 
masaea  (in  g)  of  nitrogen  and  oxygen  in  I  cm'  of  the 
explosives  and  in  1  ci«‘  of  il.»o  varrous  conmwa 
mAtcriali.  U  should  be  mentioned  that  other 
discrimisants  can  also  be  useful  in  diagnosing 
explosives,  for  example,  the  ratio  of  (he  mass  of 
oxygen  to  that  of  carbon  in  a  given  stroll  volume. 
These  and  rrUter  discrimituint,*;  can  be  used 
stmultaaeouxly  to  improve  the  detection  probability 
and  its  specialty  (i.e. ,  one  mitru.3  the  (also  alarm 
probability)  of  cx,'4osjvcs  and/or  oarcoltcs. 

A  .short  description  will  he  given  in  this  paper  of  the 
cooeqU  underlying  (he  PFNA  technique.  Also,  some 


remits  will  be  presented  of  the  ongoing  extensive 
experimental  program  at  SAIC  in  support  of  the 
PR'iA  technique  devdopmeat  and  engineering. 

2.  BASICS  OF  PFNA  EDS 

Science  Applications  Intematiorud  Corporation  is 
presently  developing  an  Explosives  Detection  System 
(EDS)  which  employs  Pulsed  Fast  Neutron  Activation 
(PFN.’\)  for  interrogation  of  passengers’  airport 
check-in  luggage.  The  iroMliation  of  luggage  with 
fast  neutrons  of  sufficient  energy  and  the 
measurem^t  of  the  ensuing  prompt  gamma-ray 
spectra  provide  suitable  meam  for  an  effective  search 
of  conceded  explodvea.  It  is  based  on  (he 
measuroment  of  (tensitir^  of  carbon,  nitrogen, 
oxygen,  and  chlorine  in  Voxels  of  Interest  (VOl), 
i.e.,  small  volume  elcnymts  of  the  interrogated  object 
(see  Figure  2).  The  signatures  of  the  osygai  (“O), 
carbon  (’HII),  nitrogen  C'N),  and  chlorine  (”•”0)  will 
oa-ur  in  the  gamma-ray  spectra  as  lines,  i.e.,  peaks, 
of  iiitbositira  corresponding  to  the  dt^tics  of  O,  N. 
C.  a  in  the  various  VOIs.  Pylsctl  neutrons  of 
energy  <  8.0  MeV,  generated  by  tlio  d  +  D  teac^oft, 
are  used  in  (he  current  veniion  of  the  PFNA,  The 
pulsing  of  the  oeutron-prodiicing  deutcron  beam 
provides  short  bursts  of  neutrom,  facilitating  the 
nieasuremenbt  of  the  gamma-ray  £}3Cictra  in  well 
defmed  time  intervals  (lime  windows).  The  time 
distribution  of  events  is  r^itained  by  measuring  the 
totid  time  idapsed  between  the  creation  of  the  neutrtm 
bund  in  the  D  target  awl  the  pfoducU‘.m  of  the 
gamma  rays  and  their  ^^aequent  detectirm  in  the 
gamnw-ny  detector,  e.g.,  NtlfTl)  ciytual.  By 
closing  (he  window  for  spectral  data  acquisition  when 
the  Dcmtron  hunt  produce.e  gamma-rays  in  the 
shielding  and/or  structural  nuitcrials  Or  in  the  Nal(Tl) 
crystal,  itself,  the  background  is  cither  greatly 
reduced  or  completely  clifninated.  It  is  then  a 
straightforward  matter  to  obtain  gamma-ray  spectra 
in  (he  time  windowa  correapoodiag  to  (he  string  of 


VOI  along  the  path  of  neutrons  across  the  suitcase. 
The  size  of  She  VOIs  is  determined  b3-  the  lateral 
shage  of  the  neutron  beam,  i.e.  the  pixel,  as  deiiaed 
by  a  collimator,  and  the  depth,  which  is  defined 
mainly  by  the  duration  of  the  deuteron  burst  and  the 
time  resolution  associated  with  electronics.  The 
digitized  spectral  data  form  a  T.,  x  nutrix,  \v4ieiv 
and  are  the  pulse  heights  of  the  measured  time 
of  event  (i.e.  time-of-flight)  rad  the  gamma-ray 
energy  dq)osited  in  the  Nal(n)  crystal,  respectively. 

Hie  backbone  of  the  PFNA  technique  is  the  gamma- 
ray  spectrometry.  The  pronqit  gamma-ray  transitions 
that  are  induced  in  carbon,  nitrogen,  oxygen,  and 
chlorine  nuclei  by  fast  neutrons  are  measured  with 
NalfTl)  detectors.  These  detectors  provide  a  good 
sample  interrogation  rate  and  satisfactory  energy  and 
time  resolution  fot  the  detected  photons.  The 
measurement  of  the  intensities  of  the  fingerprint 
gamma-ray  lines  of  explosives  require  that  the 
measured  gamma-ray  spectra  will  consist  of  wdl 
resolved  peaks.  Though  one  can  use  higher  energy 
neutrons,  it  was  found  analytically  ana  corroborated 
expermentaliy  that  the  energy  of  the  bombarding 
ueutnms  should  be  well  below  10  MeV  in  order  to 
obtain  high  upatial  resolution,  strong  and  su^rciently 
resolved  gamma-ray  fingerprint  peaks,  while  keying 
the  background  and  the  radiological  hazard  low. 

In  the  PFNA  fingerprint  lines  of  C,  N,  0,  and  Cl  are 
produced  predominantly  in  the  (n.n’y)  processes, 
however  additional  weak  fingerprint  lines  stem  from 
the  (n.ory),  and  the  (n.py)  processes.  It  should  be 
mentioned  that  the  (n,n’Y)  processes  involving  light 
nuclei  and  low  energy  of  bombarding  neutrons  are 
associated  with  strong  resonances,  which  is  reflechxl 
in  the  cross  sections  of  the  production  ot  the  gamma- 
ray  iines  and  in  the  angular  distributions  of  the 
gamma  rays.  Ail  these  aspects  have  been  carefully 
sturlied  experimentally  by  SAIC.  since  the  current 
evaluated  t'eutron  data  files  are  incomplete  or 
insufficient  for  the  PFNA  objectives.  The  origin  of 
the  fingerprint  lines  of  C,  N,  0,  and  Cl  is  indicated 
in  Figure  3.  It  shows  the  low  lying  energy  levels  in 
'\J,  '*N,  '*0,  and  ’‘•^’Cl  end  the  prompt  gamnta-ray 
transitions  which  are  utilized  as  the  fingorpriot  linee 
of  explosives  in  the  PFNA. 

3.  MEASUREMENTS  OF  CONCEALED 
EXPLCiSIVES  USING  PFNA 

Son»  experiroenul  data  obtained  in  a  recent  PPN.\ 
investigations,  will  be  shown  in  this  section.  This 


investigation  was  carried  out  at  the  Tandem 
Dynamitron  of  the  Applied  Physics  Division  in  the 
Argonne  National  Laboratory,  Argonne,  Illinois. 
The  pulsed  deuteron  beam  had  -1.2  ns  burst 
duration  at  2  MHz  rq)etition  frequency  with  a  time- 
average  intensiD^  of  ^3  /lA.  The  neutron  beam  spot 
size  was  adjusted  with  the  help  of  a  W-Fe-GHj 
collimator,  which  also  served  as  a  shadow  shield 
between  the  target  and  tito  gamma-ray  detectors.  For 
purposes  of  diagnostics  and  monitoring  of  the  neutron 
beam,  plastic  scintillators,  mounted  on  fast  PMT, 
were  used.  They  provide  for  both  time-of-flight 
(TOF)  measurements  of  the  oiergy  and  intensity  of 
the  neutrons.  The  timing  of  the  signals  from  the 
NaI(Tl)  and  the  neutron  detectors  was  measured 
relative  to  the  signals  from  the  time  pick-off  electrode 
in  front  of  the  target.  The  neutron  TOF  pulse  height 
spectra  were  measured  using  PC-based  i^tichannel 
analyzers,  while  the  T^  x  data,  provided  by  an 
array  of  four  NaI(Ti)  detectors,  were  stored  in  the 
appropriately  divided  memory  of  a  commercial  2-D 
pulse  height  analyzer.  An  euraple  of  the  quality  of 
the  gatruiui-ray  energy  spectrum  obtained  wrth  the 
PFNA  technique  during  irradiation  cf  a  sioailfint  of 
C-4  explosive  k  shown  in  Figure  4.  The 
measuremeats  of  the  gamma-ray  energy  and  time 
spectra  were  mooitoied  on-line  using  the  2-D 
^splays,  (T.,  X  Hy),  and  the  E,  or  T^  spectra  in  the 
preselected  time  or  energy  wiiuiows,  reqrectivdy. 
The  data  were  transferred  to  magiwtic  tiqree  for  a 
subsequent  off-line  analyais.  Soma  typical  results  of 
the  measurements  are  shown  in  the  Figures  5a 
through  9b,  which  demonstrate  the  diignodic  power 
of  the  PFNA  regarding  the  concealed  axploaives,  i.e. , 
simulants  of  C-4  or  Serctex.  In  case  the 
amounts  of  C^  or  Semtox  nmulaata  were  small 
compared  to  the  mass  of  explocive  needed  to  deetioy 
aircraft  in  flight.  The  irradiation  times  of  tire  strings 
of  VOIs  were  kept  suffloiendy  short  to  mimic  tits 
realistic  conditiom  for  a  PFNA  EDS  for  the 
passenger  luggage,  i.e.,  requiring  hi|^  interrogdica 
throughput. 

Of  some  interest  is  the  cue  of  a  portable  radio 
receiver  (maas  ~2  kg).  The  energy  pulse  height 
spectra  shown  in  Figures  8a  end  8b  were  measured 
when  the  battery  compartment  of  the  receiver  was 
partially  filled  with  Semtox  simulant  and  when  the 
batteries  trere  reinstalled,  respectively.  Note  that  not 
only  the  concealed  Semtex  aimulant  was  detected 
(e.g.,  nitrogen  fingerprints)  but  also  the  chemical 
composition  of  (he  batteries  was  established:  MnO,  -b 
ZnO,. 
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llie  PFNA  technique  allowed  for  the  mapping  of  all 
the  relevant  dements  in  the  interrogated  objectt,  as 
demonstrated  in  Figures  5b  through  5e.  These 
figures  show  the  distributions  of  C,  O,  and  N 
concentrations  along  a  string  of  voxels  (pixel  size  6 
X  12  cn^  across  a  Samsonite  suitcase  filled  widt 
fidnic  in  which  a  small  cube  of  the  C-4  simulant  was 
embedded.  This  c^bility  of  the  direct  3-D  imaging 
of  the  distribution  of  light  nuclei  inside  the  sample  is 
highly  advantageous  over  the  2-D  imaging  power  of 
the  x-ray  technique  for  the  following  reason:  two 
different  chemical  conqMsitions  may  have  the  same 
electron  densities  and  therefore  be  indistinguishable 
by  the  x-ray  technique.  In  other  words,  two 
chemicals  with  the  same  mass  density  have  the  same 
electron  density  even  though  the  nuclei  are  different 
In  the  PFNA  the  neutrons  interact  with  nuclei  and 
pronq)t  them  to  emit  the  characteristic  gamma  rays. 


4.  PRESENT  STATUS  OF  PFNA  EDS  FOR 
LUGGAGE 

SAIC  has  acquired  from  the  National  Electrostatic 
Corporation  a  9SHD-2  Pelletron  accelerator  that  is 
providing  a  pulsed  deutemn  beam  burst  of  duration 
<  1  ns  at  FWHM  with  beam  repetitirm  frequency  of 
12  MHz  and  time  average  intensity  2:20  uA.  The 
planned  PFNA  EDS  Investigations  aim  at  finding  an 
optimum  for  the  configuration  of  gamma-ray  and 
neutron  detectors  and  for  the  neutron  beam  delivery. 
In  the  next  stq)  we  will  build  a  small-scale 
demonstration  EDS  that  will  consist  of  a  suitcase 
conveyor  and  a  reduced-scale  gamma-ray  detection 
system.  Furthermore,  a  careful  experimental  study 
of  the  radiological  aspects  of  the  PFNA  EDS  in  the 
airport  environment  is  planned. 

SAIC  is  involved  in  the  feasibility  study  and  design 
of  PFNA  systems  also  for  large  objects  such  os 
trucks  and  upping  containers. 

It  is  recognized  that  the  data  acquisitiem  system  will 
be  quite  complex,  necessitating,  e.g,,  distributed  data 
processing  and  requiring  a  great  conqjuting  power  for 
the  decision  making.  The  design  of  the  electronics 
front-end  boards  (analog  and  digital)  is  complete  and 
their  in-beam  tests  are  in  progress. 
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FABRICS 


Figure  2  The  principle  of  the  detection  of  fingerprints  of  concealed  explosives  and  of  the  direct 
.  Imaging  of  densities  of  C,  N,  0,  and  Q  in  the  PFNA. 

The  five  gamma-ray  energy  spectra  shown  on  the  right  are  viewed  in  the  indicated  five  time 
windows  which  correspond  to  five  Voxeis  of  interest  (VOI)  across  the  suitcase/container. 
VOis  1, 2,  and  5  are  filled  with  fabrics,  whiie  VOIs  3  and  4  contain  in  addition  C-4  simulant 
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Figure  3  The  nuclear  energy  levels  In  ^0,  and  *•’^0  ttwt  decay  by  strong  gatnwHiy 
emission  In  the  (n,n’7)  processes  induced  by  fut  neutrone  of  ^8MEV.  The  main 
transitions  employed  in  PFNA  at  the  flngerp^  of  C,  N,  0.  and  Q  are  Indicarad  (bold  Unas). 
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Rgure  4  The  gamma-ray  energy  spectrum  measured  with  a  Nai(TI)  detector  for  a  small  sample  of 
explosive  simulant.  The  fingerprint  lines  of  ^*0  (6.13  Me\0,  (4.43  MeV),  and’*N  (.72, 

1.63,  and  2.31  MeV)  are  indicated.  Also  Indicated  are  weak  lines  associated  with  (2.12, 
2.80,  and  5.11  MeV). 
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Figure  5a  The  gamma-ray  errergy  spectrum  measured  for  a  VOI  (V  ~  350  ctrP)  In  a  SamaonKa 
The  VOi  contained  a  piece  of  suitcase  lid,  fabrics,  and  small  amount  of  04  simulanL 
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CountafmC 


FiQurd  Sb  Tiid  time  spectrum  of  gamma  rays  originating  in  a  string  of  VOIs  across  the  suitcase,  refer  to 
Rgure  5a.  The  location  of  the  cU  simulant  Is  dearly  seea  (The  location  dispersion  Is  -  1,0 
on/ch^nnel  along  the  neutron  beam.) 
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Figure  5d  The  cartxjn  disUttNJtlon,  refer  to  Rgure  Six 
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FlQitfe  6a  The  gamma-ray  energy  spectrum  measured  for  a  Samsonite  suitcase  Tilled  with  fabrics  only. 

The  same  VOI  as  in  Rgure  Sa.  Note  the  absence  of  the  nitrogen  fingerprints,  and  the  lower 
UUensity  of  the  oxygen  fingorprii^.  and  low  0/C  ratla 
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Figure  6c  The  cathon  dlstrlbuUon,  refv  to  Figure  6b. 
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Figure  7a  The  gamma-ray  energy  spectrum  for  a  deodorant-stick  polymer  wrapping  filled  with  Semtex 
simulant 
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7b  The  gamnw^  energy  ^)»ctium  for  «gwnrint(Mr/oiDqpioiM^dMdoiM 
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Figure  9a  The  gamma-ray  energy  spectrum  for  a  heavy-duty  leather  boot  (with  silicon-rubber  sole),  toe 
compartment  of  which  was  Wed  with  Semtex.  The  VOi  was  centered  on  the  toe- 
conrpartment 
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Rgure  9b  The  gamma-ray  energy  spectrum  for  the  same  boot  as  shown  in  Figure  9a,  but  with  the 
Semtex  simuiant  removed. 
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1.  INTRODUCTION 

Among  the  various  analytical  methods  that  could  be 
used  for  the  detection  of  explosives,  a  nuclear 
technique  (thermal  neutron  activation  analysis)  was 
the  iirst  to  show,  in  a  practical  way,  the  ability  to 
detect  small  amounts  of  hidden  explosives  (Shea  et 
al.,  1990).  The  method  uses  a  “^Cf  radioactive 
source  that  emits  neutrons  over  a  range  of  energies, 
with  an  average  energy  around  2.5  MeV.  The 
neutrons  are  subsequently  thermalized  and  interact 
with  the  N  contained  in  the  explosive  through  the 
“N(n,  y)  reaction.  The  emitted  y-rays  have  an  energy 
of  10.828MeV,  wliich  is  the  highest  energy  y-ray  to 
be  produced  by  neutron  capture.  Although  at  this 
energy  the  detection  efficiency  of  a  NaI(TI)  y-ray 
detection  system  has  been  reduced  by  20%  compared 
to  a  1.5  MeV  y-ray,  the  advantage  remains  that  the 
N  y-ray  sits  on  practically  zero  background,  making 
its  identification  easy  and  its  area  determination  void 
of  any  corrections. 

Given  the  fact  that  there  are  materials  such  as 
melamine  equally  rich  or  richer  in  N  than  the  known 
explosives,  the  detection  of  N  was  shown  to  be 
inadequate  in  uniquely  identifying  an  explosive 
(Grodzms,  1991;  Groddns,  1991).  In  particular,  it 
was  shown  (Grodzins,  1991)  that  all  explosives  have 
a  unique  0-N  profile.  By  determining  the  amount  of 
these  two  elements  contained  in  the  interrogated 
material,  the  identification  of  hidden  explosives 
would  become  more  certain.  C  would  be  the  third 


elem^t  that  is  common  in  all  the  explosives  although 
it  does  not  correlate  uniquely  with  all  known 
explosives.  A  system  therefore  t^t  would  be  able  to 
identify  and  quantify  all  three  elements,  C,  N,  and  O 
would  be  able  to  provide  more  reliable  information 
about  the  interrogated  material. 

Among  the  various  options  for  the  C,  N,  0 
identification,  a  pulsed  fast-thermal  neutron 
interrogation  system  is  the  technique  that  we  utilize. 
In  the  follovnng  sections  we  present  the  advantages  of 
the  method,  describe  the  characteristics  of  the  various 
nuclear  reactions,  and  present  the  data  demonstrating 
the  elemental  identification. 

2.  PRINCIPLES  OF  THE  METHOD 

The  three  elements  C,  N,  and  O  are  identified  via 
characteristic  y-rays  emitted  after  the  interaction  of 
neutrons  with  the  correspondmg  nuclei.  To  make  the 
identification  process  most  probable,  there  should  not 
be  a  large  number  of  y-rays  emitted,  dividing  the 
reaction  strength  in  many  channels.  Table  I  shows  the 
nx)st  important  neutron  reaction  channels  for  C,  N, 
and  0  along  with  the  corresponding  cross  sections, 
minimum  neutron  energy  and  characteristic  y-rays. 

Although  other  y-rays  are  produced  from  the  inelastic 
scattering  of  neutrons  on  N  (Hall  et  al.,  1959),  the 
2.31  MeV  is  the  one  that  has  the  largest  cross  section 
(Perkin,  1964).  The  last  reaction  in  Table  I  is 
actually  the  reaction  '‘0(n,p)'‘N.  “N  beta  decays 
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with  a  half-life  of  7.13  s  to  the  6.13  MeV  state  of 
“*0.  The  last  reaction  therefore,  is  a  neutron 
activation. 

From  Table  I  we  can  see  that  all  three  elements  could 
be  observed  with  fast  neutrons.  The  identification 
however  of  N  through  the  n,n’  reaction  can  be  very 
difficult  because  it  is  located  in  the  vicinity  of  some 
very  strong  y-rays.  This  will  be  shown  later  in  our 
data  and  will  be  discussed  in  the  analysis  of  the 
results.  A  combination  therefore  of  fast  and  thermal 
neutrons  would  obtain  the  desirable  results.  By 
pulsing  the  neutron  source  one  can  achieve  two  other 
important  effects;  a)  the  gating  of  the  data  acquisition 
system  so  that  y-rays  produced  from  fast  neutrons 
will  not  interfere  with  y-rays  produced  from  thermal 
neutrons  and  vice  versa  and  b)  possibility  of  timing 
the  arrival  of  the  neutrons  at  a  particular  position  of 
the  interrogated  bulk,  affording  thus  a  depth  analysis. 

Fig.  1  describes  the  pulsing  of  the  neutron  generator 
and  the  measurements  to  be  performed.  Neutrons  are 
produced  in  short  pulses  that  last  a  few  ^s  .  During 
this  time  interval,  a  data  acquisition  system  is  gated 
and  y-rays  produced  from  (n,n’)  and  (n,p)  reactions 
are  accumulated.  At  the  end  of  the  neutron  pulse,  the 
fast  neutrons  pass  through  a  neutron  moderator  and 
a  percentage  of  them  is  thermalized  (it  would  take 
several  ^s  before  a  neutron  is  thermalized).  The  pulse 
remains  off  for  approximately  100  pts.  During  that 
time  a  different  data  acquisition  system  is  gated  and 
y-rays  from  (n,  y)  reactions  are  collected.  The 
process  repeats  itself  for  a  number  of  cycles.  Every 
few  hundred  cycles,  the  pulse  remains  off  for  a  much 
longer  period  (a  few  ms).  During  this  time  a  third 
data  acquisition  system  is  gated  and  y-rays  emanating 
from  radiocctive  nuclei  produced  through  neutron 
activation  are  collected.  Three  dau  acquisition 
regions  can  thus  be  separately  triggered,  eliminating 
appreciably  the  background. 

3.  EXPERIMENTAL  RESULTS 

The  pulsed  neutron  generator  used  in  the  current 
experiments  is  based  on  a  Zetatron  tube.  A  full 
description  of  the  system  is  given  in  Kchayios  et  al., 
1987.  Briefly,  the  generator  was  pulsed  at  an  8  kHz 
frequency  and  the  pulse  duration  was  10  /is.  The 
yield  fiora  the  D-T  reaction  was  10*- 10^ 
neutrons/pulse.  For  neutron  thermalization,  a 
nonoptimized  moderator  was  utilized,  composed 
primarily  of  water.  Two  detectors  wore  employed  for 
the  characterization  and  collection  of  the  emitted 


y-rays:  a  20  %  efficiaicy  high  resolution  High  Purity 
Germanium  detector  (HPGe)  and  a  3  in  x  S  in  BGO 
detector.  The  HPGe  detector  was  used  for  the  correct 
id^itification  of  peaks,  and  the  BGO  detector  which 
has  a  much  higher  efficiency  but  far  worse  resolution 
for  the  final  data  acquisition.  Two  Analog  to  Digital 
Converters  (ADC)  with  conversion  times  less  than  4 
fis  were  sqMrately  gated  in  the  acquisition  system. 
The  one  ADC  was  gated  with  a  20  /ts  gate  that 
opened  at  the  beginning  of  the  neutron  pulse.  The 
second  ADC  was  gated  by  a  90  /is  gate  that  started  at 
the  end  of  the  neutron  pulse.  The  current  neutron 
generator  set  up  did  not  allow  us  to  stop  the  neutron 
generator  for  a  predetermined  quiescent  period  (e.g. 
every  hundred  pulses),  in  order  to  detect  gamma  rays 
from  neutron  activation  only.  Because  of  the  lov/ 
neutron  yield  and  the  experimental  conditions,  spectra 
were  acquired  over  a  24  min  interval.  Three  samples 
12  kg  each  were  utilized  in  this  experiment:  a  coal 
sample  that  has  a  large  number  of  elements  in  it  but 
a  very  snudl  amount  of  nitrogen,  a  sugar  sample 
(CqHjjO,,)  and  a  urea  ((NHj)jCO)  sample.  Urea  has 
25  %  nitrogen  atomic  percentage  which  is  in  the 
range  of  the  one  in  various  explosives  (Orodzins, 
1991). 

Fig.  2  shows  a  portion  of  the  urea  y-riy  spectrum 
taken  with  the  HPGe  detector.  The  ADC  is  gated  on 
the  neutron  pulse,  i.e.  we  observe  primarily  reactions 
due  to  fast  neutrons.  The  6. 13  MeV  0  and  4.43  MeV 
C  y-rays  along  with  their  first  and  second  escape 
peaks  are  clearly  seen.  The  same  energy  region  but 
without  any  sample  in  front  of  the  neutron  generator 
reveals  a  background  that  is  void  of  any  discernible 
peaks.  Fig  3  shows  a  lower  energy  portion  of  the 
same  spectrum,  with  two  pronounced  peaks  from  the 
neutron  interaction  with  H  (2.22  Me>0  *Qd  with  Pb 
(2.61  MeV).  We  are  not  able  to  detect  in  (his  high 
resolution  spectrum  any  evidence  for  the  2.31  MeV 
peak  from  the  N(n,n’)  reaction.  The  reason  for  this 
is  the  very  high  background  under  the  2.31  MeV 
peak  due  to  the  Compton  tails  of  the  large  number  of 
y-rays  with  energies  gteater  than  2.31  MeV.  It  is  an 
example  of  the  importance  of  the  signal  to  noise  ratio 
and  not  just  of  the  signal. 

To  improve  the  signal  to  noise  ratio,  i.e.  to  lower  the 
Compton  background  under  the  2.31  MeV  peak,  one 
could  use  an  anti-Compton  shield  for  HPGe 
detector.  The  use  of  such  a  shield  has  been 
demonstrated  in  the  detection  of  S  in  coal  through  the 
S(n,y)  reaction  (Vourvopouloa  et  al.,  1989).  The 
Compton  background  can  indeed  be  suppreaaed 
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af^reciably  (by  at  least  a  factor  of  six)  but  with  a 
large  loss  of  available  solid  angle,  making  such 
measurements  impractical.  Fig.  4  shows  a  portion  of 
the  HPGe  y-ray  qrectium  around  10  MeV.  The  ADC 
now  is  gated  after  the  neutron  pulse,  i.e.  the  detector 
is  detecting  mostly  y-rays  ftom  thermal  neutron 
capture  reactions .  The  10.83  MeV  N  y-ray  is  clearly 
seen  in  the  urea  ^)ectrum,  while  the  coal  and  the 
background  spectra  reveal  the  absence  of  other 
interfering  peaks.  It  is  worth  noticing  also  in  the  urea 
spectrum,  the  N  sigiud  to  noise  ratio.  Without  any 
deconvolution  of  the  data,  we  easily  get  a  ratio  of  S 
while  for  the  2.31  MeV  peak  from  fast  nraitrons,  the 
ratio  is  barely  over  1. 

The  data  taken  with  the  HPGe  detector  indicate  that 
C,N,  and  O  can  indeed  be  identified  through  a 
combiiution  of  hist  and  themul  neutron  reactions. 
Such  a  detector,  however,  because  of  its  very  low 
efficiency  and  susceptibility  to  neutron  damage  cannot 
be  practically  used  in  this  application  for  the  detection 
of  y-rays.  To  see  if  C,  N,  and  O  can  be  detected 
with  a  high  efficiency  but  low  resolution  detector,  a 
BGO  detector  was  utilized.  This  detector  was  selected 
instead  of  a  Nal(TI)  detector  because  of  its  higher 
material  density,  single  light  decay  component  and 
absence  of  elements  that  can  be  neutron  activated. 
Fig.  S  shows  the  gamma  ray  spectrum  with  the  ADC 
gated  on  the  neutron  pulse.  The  coal  sample  was 
ssibstituled  with  a  12  kg  sugar  sample.  The  C  y-ray 
at  4,43  MeV  is  again  clearly  identified.  The 
background  in  this  energy  region  reveals  no 
discernible  structures.  The  shielding  of  the  detectors 
from  the  water  moderator  was  not  adequate  in  this 
particular  experiment.  As  a  result,  both  HPGe  and 
BGO  d^.tectors  .show  an  0  6.13  MeV  y-ray  even 
when  there  is  no  sample.  This  situation  did  not  occur 
in  the  previous  run  (Fig.  2)  and  it  was  remedied  in 
the  following  rtuis.  Turning  to  the  ADC  gated  on  the 
thernud  neutrons.  Fig.  6  shows  a  poction  of  the  y-ray 
spectrum  above  8.7  MeV.  A  Urge  peak  at  10.3  MeV 
dominates  the  spectrum.  This  peak  is  also  present  in 
the  fast  neutron  spectrum  and  cannot  be  attributed  to 
a  tbcrmal  neutron  capture  reaction.  Around  10.8 
MoV  the  N  peak  is  clearly  seen  and  this  peak  is 
absent  from  the  sugar  and  the  background  spectra. 

The  daU  taken  with  the  HPGe  and  BGO  detectors 
clearly  show  that  C,  N,  0,  can  be  inea.sured  with  a 
fast-tbennal  neutron  combination.  The  BOO  detector 
with  its  large  efficiency  can  give  a  meaningful 
quantitative  result  without  any  ioteifereace  from  other 
y-ray  pedes. 


For  C  and  O,  the  y-ray  yield  (Y,  for  element  i)  can 
be  written  as: 

Yj  =  Yi(Cj,^^^  Cu,  p,  Cyo) 

vihere 

C,  =  concentration  of  the  ith  element  in  the 
material 

=  fast  neutron  flux 

Ch  =  Hydrogen  concentration  in  the  material 

p  =  Mass  of  matrix  material/unit  volume 

Cho  =  concentrations  of  the  elements 

producing  higher  y-rays  than  the  one 
analyzed  (e.g.  for  C  and  for  the  sample  in 
Fig.  S,  these  elements  would  be  primarily  O 
and  Fe) 

For  N  the  y-ray  yield  can  be  written  as: 

Yfi  "  Yn(C(^,  0,),,  Cjj,  p) 

where 

thermal  neutron  flux 

As  has  been  shown  in  previous  cases  of  utilization  of 
neutrons  for  elemenUi  analysis  (Baron  et  al.  .  1991; 
Vourvopouios  et  al.,  1989),  a  linear  equation 
connecting  the  y-ray  yield  to  the  above  panmders 
can  be  determined. 

The  yields  (hat  were  obtained  in  this  series  of 
experiments,  although  far  from  maximized,  indicate 
the  feasibility  of  designing  a  system  based  on  fast- 
thermal  interrogation.  The  net  yields  that  were 
obtained  were  3x10'^  counis/kg/s  for  N  and  3x1(3^ 
counts/kg/s  for  C.  Based  on  the  HPGe  results  and  the 
O  reaction  cross  section,  we  estimate  that  the  BGO 
yield  will  also  be  3x10'  counts/kg/s  for  O.  These 
numbers,  however,  can  be  substantially  increased. 
Systems  aleady  exi.st  (SODERN)  and  others  are  in  the 
design  stage  for  scaled  neutron  generators  producing 
10*- 10’  neutrons/pulse.  Better  source-inteirogatod 
material  geometry  and  optimization  of  the  neutron 
moderator  could  increase  by  a  factor  of  three  the  fiut 
neutrons  and  by  a  factor  of  10  the  thermal  neutrons 
reaching  Ute  interrogated  material.  The  electronics 
associated  with  the  HPGe  and  BGO  detectors  os  well 
as  the  ADC’s  have  been  designed  to  handle  up  to 
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500,000  counte/s  (current  rste  is  5,000  counts/s). 
With  the  modifications  stated  above,  an  increase  of 
the  present  counting  rate  by  a  &ctor  of  lO’-lO*  can  be 
realized.  With  these  increased  rates,  a  10  s 
measurement  would  give  precisions  in  the  range  6% - 
2%  for  N,  2%  -  0.5%  for  C  and  O  (per  kg  of 
explosive  simulant  material).  The  Minimum  Detection 
Limit  (MDL)  can  be  calculated  from  the  equation: 

MDL=  3.29(B/t)''»/S 

where  S  is  the  sensitivity  in  counts/kg/s,  B  the 
background  rate  in  counts/s  and  t  is  the  counting 
duration.  In  the  worst  case,  the  background  will 
increase  linearly  with  the  net  counts  under  the  y-ray 
peaks  of  interest.  For  a  10  s  measurement  with  the 
precisions  stated  above,  the  explosive  MDL  is 
estimated  to  be  between  0.3  and  0.5  kg. 

Concerning  the  localization  of  the  explosive  within 
the  interrogated  volume,  a  pulsed  noitron  beam  could 
be  used  for  it.  A  14  MeV  neutron  travels 
approximately  5  cm/ns.  If  the  pulsed  beam  has  a 
pulse  duration  of  a  few  ns  then  from  the  time  of 
flight  of  the  neutron  between  the  source  attd  the 
interrogated  material,  we  could  obtain  a  volume 
localization  of  the  explosive  with  a  5  cm  resolution. 
The  pulses  that  we  are  using  however  are  a  few  la 
wide  and  are  not  suitable  for  such  localization. 

4.  CONCLUSIONS 

The  series  of  experiments  performed  indicate  that  a 
pulsed  neutron  interrogation  system  utilizinf  a 
combination  of  fast  and  thermal  neutrons  can  be  used 
for  the  detection  of  C,  N,  and  0.  The  system  utilizes 
a  number  of  nuclear  reactions  and  (be  emitted  gsBuaa 
rays  can  be  efficiently  detected  with  a  BGO  detector. 
In  order  for  such  a  system  to  be  of  practkal  use, 
gamma  ray  yields  muM  be  iocresaed  by  a  fiKtor  of 
tO’-'lO*,  a  realistic  goal  indeed. 

ACKNOWLEDGEMENTS 

This  preseotstioo  is  based  on  work  performed  at  the 
Oak  Ridge  National  Labormlofy.  managed  for  the 
U.S.  Department  of  Energy  under  contract  DE- 
AC0S-84OR21400  with  (he  Martin  Marietta  Energy 
Systems.  Inc. 


REFERENCES 

1.  J.  P.  Baron  and  L.  Debray, 
"Potential  of  nuclear  technique#  for 
on-line  bulk  analysis  in  die  mineral 
industry",  in  ^iplic&tions  of 
Nuclear  Techniquea  (Eds.  O. 
Voutvopoukt  and  T.  Pandellia), 
World  Scientific  (Singiqion)  1991. 

2.  L.  Qrodzins,  "Nuclear  technedogiea 
for  finding  clandestine  expkwives", 
in  Applicatimu  of  Nuclear 
Techniques  (Eds.  O.  Vouivopouloa, 
T.  Pandellia),  Worid  Scinitific 
(Singapore),  1^1. 

3.  L.  Orodzina,  "Nuclear  techniquea - 
for  finding  explosives  in  airport 
luggage",  Nuclw  Inatrumeota  and 
Methods  BS6/S7.  8^33  (lf>91). 

4.  H.E.  HaU  and  T.W.  Bonner, 
"Gamma  radiation  from  inelastic 
scattering  of  tut  neutrana  in 

and  »0*.  Nuclem  Fhyska  14. 
295-313  (1959). 

5.  J.J.  Kehtyias,  Kl.  BUU.  S.H.  Cohn 
and  J.H.  Weinkin,  *Uae  of  a  high 
repetUttm  rate  fwufooo  generator  for 
in  vivo  body  composition 
measuremeckts  via  neutron  iaelamio 
acattering",  Nuclear 

and  Methods,  B24/2S.  1006-1009 
(19*7). 

6.  l.L.  Perkin,  "Gamma  ray  apet^ 
from  Cmt  neutraa  ialanctiona*,. 
Nuclear  Fhyaka  60,  561-510 
(1964). 

7.  P.  Shea,  T.  Gooni,  and  H. 
Bezorgmaneah,  "A  TNA 
expkitives-detoction  tyalaa  «i 
airline  baggage",  Nuclear 
Instrameftta  and  Me^oda  A299, 
444-448  (1990). 

8.  SODERN.  Neuttoa  Otaumr 
Bulhtia. 


107 


9.  O.  VoufVfipoukM,  D.L.  Humphn^, 
P.L  Setten  «id  K.  T-mlrin,  ’On¬ 
line  etementnl  anilyas  of  coat  via 
kigh  reecdutioa  PONA*,  Nuclear 
LmtnuiMiitt  and  Methods,  B40/41, 
853-856(1989). 

10.  O.  Vourvopoulos  and  P.C. 
Womble,  *On-Une  sulfur 
detetmination  in  coal  with  pron^t 
gamnu  neutron  activation', 
Nuclear  Instniments  and  Methods 
B36,  200-205  (1989). 


108 


Table  1  Neutron  (fast  and  thermal)  induced  nuclear  relations  cm  C.  N,  O. 


Element 

. ' 

Reaction 

.  E.-* 

(MeV) 

Cress  Section 
(mb) 

Ey 

(MeV) 

C 

n,n’ 

4.8 

200“ 

4.44 

N 

a,n’ 

4.7 

I(f 

2.31 

N 

n.7 

75 

10.83 

0 

n,n’ 

6.4 

f6* 

6.13 

0 

_ nj)  _ 

10.3 

38“ 

6.13 

•  Measured  at  E,  =  14  MeV 
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Figine  1.  Sdietnatic  diagram  of  the 
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»  3.  Poftion  of  the  HPGe  giaum  tmy  q)ectrum  of  iure«,  gated  on  the  neutiron  puJee  (fiwt 
in  reactions).  Peaks  comspoadmg  to  H,  N,  and  Fb  are  marked. 
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I.  Portk»  of  tbe  HPOe  gusm  lay  tpectn  of  meo,  coal  and  background,  gated  after  die 

polae  (dnaal  oeiitraa  leactioa).  Rdai^  N  pedm  are  marked. 
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THE  NITROGEN  CAMERA:  A  NEW  EXPLOSIVE  DETECTOR 


W.  P.  Tiower 
Physics  Dquitment 

Viigiiiia  Poiytectmic  Institute  and  State  University 
Blacksburg.  VA  24061 


1.  INTRODUCTION 

The  Nitrogm  Camera  has  much  in  common  with 
conventional  cameras  -  photograi^c,  x-ray,  and 
positrrm  -  but  rests  <»  different  physics.  In  the 
photographic  camera  visible  light  with  energy  of  a 
few  eV  is  scattered  by  an  object,  is  manipulate  by  a 
variety  of  optical  devices,  f^s  onto  an  aperture,  and 
is  recorded  on  an  electronic  or  chemical  media.  The 
x-ray  ''amera  uses  photons  of  a  few  keV,  which  are 
scattered  as  they  pass  through  an  object,  fall 
unmanipulated  onto  an  aperture,  and  are  recorded.  In 
the  PET  camera,  a  radioisotope,  with  a  half-life  of 
hour  to  days,  is  injected  into  an  object.  Decay 
positrons  of  a  few  MeV  lose  energy  by  a  succession 
of  bremsstrahlung  collisions,  finally  aimihilatiog  into 
two  oppositely-directod  gamma  rays,  the  sigtuils  from 
which  are  manipulated  to  produce  three-dimensional 
images. 

2.  THE  PHYSICS 

In  the  Nitrogen  Camera  high-energy  photons  are 
flashed  into  an  object  in  which  they  cr^te  a  wide 
variety  of  radioisotopes.  Many  of  thme  isotope  emit 
^mma  rays  directly.  Some  decay  with  electrons  or 
poaitrons  which  produce  a  plethora  of  bremsstrahlung 
gamma  rays,  logatifltmically  increasing  in  nuodrer 
with  decreasing  energy.  If  positrons  are  presemt,  two 
armihilation  gamma  raya  are  also  produced.  It  is  the 
totality  of  these  gamma  rays  detected  in  time  afler 
irrarUation  which  constitute  the  Nitrogen  Camera 
signal. 

For  photon  energies  of  SO  MeV  only  two 
radioisotopes  are  produced  in  appreciable  quantity 
and  decay  rapidly,  in  tens  of  miliisecoods:  nitrogen- 
12  and  botoo-12  whose  half-lives  (end  point  energies) 
are  1 1.0  (17.3)  and  20.2  ms  (13.3  MeV). 
respectively.  Their  production  probability  for  photons 
on  nitxogea-14  incnase  with  photon  intensity  and 
energy  above  their  respective  production  thresholds, 
^30.6  and  25.1  MeV. 


All  the  ganuna  rays  vvhich  result  from  these  two 
reactions  are  our  nitrogen  marker.  With  photons  from 
SO  MeV  electron  collisions  in  a  thin  tantalum 
radiator,  the  production  reactions  of  interest  are, 

Y  +  MN  -I-  2p; 

‘JB  -*  V,  e-, 

Y  +  “N  -•  UN  +  2n; 

“N  -•  “C  u.  e+; 

e*  -t-  e‘  -♦  2y  (51 1  koV), 
while  a  third  reacdon, 

Y  +  '>C  -*  -t-p;  “B  -♦  BCu.  e’, 

provides  the  sole  interference  sigiud.  Unfortunately, 
these  two-nucleon  reactions  have  cross  secttons  for  50 
MeV  electrons  about  a  hundred  times  smaller  than  for 
single-oucleon  reactions  whose  production  threabolds 
MIC  ^20  MeV.  With  the  solitary  txceptxoa  of  our 
interference  signal,  all  single  knock-out  nucleon 
produced  isotqpes  are  relatively  stable,  with  Ufetimes 
from  seconds  to  days,  and  so  form  a  constant  and 
well  defined  background  to  our  signal.  Three-nucleon 
reactiona,  aome  hundred  timea  lesa  probal^e  than 
twonucleon  reactiotu  and  with  thresholds  ~  50 
MeV,  produce  several  unstable  radioisotopes  which 
would  mimic  our  signal  if  we  went  to  subrtanlially 
higher  excititioa  energy. 

A  concr^,  albeit  unrealt^c,  example  aerves  to 
illudrate  the  Nitrogen  Camera  physics.  Consider  the 
consequences  of  irradiating  a  pure  nitrogen  otyect 
with  a  short  burst  of  sufflcioidy  energetic  pbotona  to 
produce  only  two  reactions,  ‘*N(7,2n)'^  ~  the 
■signal'  -  and  ‘*N(Y.n)^  whose  half  life  U  ~  600 
seconds  ~  the  'noise*.  During  the  first  10  ms  after 
irradialicn  half  of  the  produced  nitrogeo-12,  while 
only  ,j0.0001  of  the  produced  nitrogeo-13,  would 
decay.  Soeveniftbe  aingle-iuicleoa croaa sectioo ia 
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a  100  times  than  that  for  two-nucleons,  the  signal-to- 
noise  in  the  first  10  ms  would  be  500/1. 

The  real  situation,  however,  is  more  complicated  in 
several  ways.  First,  the  thresholds  for  producing 
these  reactions  are  different  as  are  the  energies  of 
their  production  maxima  and  their  cross  sections  are 
only  vaguely  known.  Second,  the  incident  photons 
produced  by  an  electron  beam  in  the  radiator  will 
have  yields  that  depend  not  only  on  the  beam  energy 
and  intensity,  but  also  on  the  geometry  and  material 
of  the  radiator.  Third,  substantial  extraneous  radiation 
produced  during  and  immediately  after  the 
acceleration  process  cause  counts  in  the  detectors. 
Finally,  we  have  not  considered  all  the  other  long- 
lived  "noise"  reactions  which  will  elevate  the 
background  on  which  our  nitrogen  signal  sits. 

3.  THE  DATA 

We  have  constructed  extensive  calculations  to 
"prove"  the  Nitrogen  Camera’s  ability  to  detect 
explosives  in  a  variety  of  applications  and  in  myriad 
of  environments.  However,  physics  is  ultimately  an 
experimental  science  and  no  calculation  should  suffice 
to  convince:  For  that  only  data  will  do.  Having  said 
so,  1  now  explicitly  omit  a  discussion  of  radiation 
hazards  to  operators  and  the  environment  for  brevity 
since  we  have  found  both  by  calculation  and 
experiments  to  date  that  the  radiation  levels  generated 
lie  within  the  prescribed  international  limits. 

Figure  1  displays  a  typical  time  spectra  taken  at  the 
50  MeV  electron  racetrack  microtron  of  the  Royal 
In.stitule  of  Technology's  (KTH)  in  Stockholm. 
Sweden  where  the  experimental  work  is  being 
performed.  The  target  was  1  kg  of  melamine 
(  66%  nitrogen  by  weight)  explosive  simulant 

located  ZS  cm  from  a  2  nun  thick  tantalum  radiator 
and  ~  25  cm  from  a  detector  -  a  5"  fast 
photomultiplier  tube  coupled  to  a  5*  diameter,  2* 
thick  .scintillator.  The  beam  was  <,^1  mA  delivered  in 
~  5  m.H-long  ptdscs. 

The  first  panel  i.s  the  raw  spectrum  containing 
593.294  counts  (the  first  bin  has  74,843  counts,  the 
last  434)  and  wa<i  taken  in  1,681  bursts.  The  three 
distinctive  features  are: 

•  A  long-time  background  which  appears 
equally  in  each  bin,  its  magnitude 
proportional  to  the  number  of  bursts,  N,  and 


the  counting  time,  n  102  ms,  as~  n£Ni 
=  n(N/2)(N+l).  If  the  irradiation  had  been 
delivered  in  a  one  burst,  as  in  our  evmtual 
operational  single-shot  mode,  this 
background  per  bin  would  be  negligible. 
Thus,  the  next  panel  shows  the  spectra  with 
this  large-time  background  subtracted. 

•  A  short-time  background  appears 
immediately  after  irradiation,  has  a  ludf  life 
of  />yl.3  ms,  produces  65%  of  the  counts, 
and  is  seen  isolated  in  the  last  panel  and 
shaded  in  the  others.  I  attribute  this  to 
radiative  neutron  capture  on  all  the  material 
in  the  counting  room,  the  neutrons  being 
copiously  produced  in  the  accelerator, 
radhator,  target,  and  counting  room  walls.  In 
the  operational  mode  fur  fewer  of  these 
counts  will  be  present  because  the  beam  will 
only  travel  1  m  in  air  before  spending 
itself  in  the  object.  How  much  this 
background  will  be  reduced  awaits  a  Monte 
Carlo  calculation,  however,  crude  estimates 
indicate  that  it  will  be  at  least  three  times 
less. 

•  The  signal,  seen  in  the  third  panel,  contains 
103,746  counts,  17%  of  the  total  counts 
and  has  a  half  life  of  ~18.6  ms  which  when 
apportioned  between  nitrogen-12  and  boron- 
12,  gives  83%  of  the  signal  to  the  latter. 

The  resultant  nitrogoa-signal/burst  is  SO  counts 
above  a  negligible  background.  An  operational  system 
will  benefit  from  multiple  detector  ceils  (x4)  and 
greater  beam  intensity  (x20),  but  will  suffer  from 
lower  target  nitrogoi  concentrations  (xl/2)  snd 
amounts  (xl/S)  as  well  as  a  larger  standoff  distance 
(xl/3).  Thus,  a  prototype  system  should  comfoilabiy 
operate  within  the  constraints  of  this  parameter 
envelope. 

4.  INTERfERlNG  SIGNALS 

I  search  for  interfering  signals  with  a  computer  code 
using  the  National  Nuclear  Data  Center  ooEopilatioD. 
I  looked  for  the  reactions  (y.p),  (y,n),  (n,p\  (n,y): 
(y.2p),  (y.pn).  <y.2n):  UA  (y.3p).  (y.zpo),  (y,p2n), 
(y,3D)  on  all  stable  isotopes  with  isotopic  abundance 
>0.1%  for  incident  photon  energy  of  100  MeV. 
Reaction  products  which  could  produce  interfereoce 
signals  were  those  with  a  half  live  <  100  ms,  ten 
times  that  of  the  nitrogeo-t2  signal.  1  list  these 
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candidatMi  in  Table  I.  The  iso(<^  and  chemical 
(earth’s  crust)  abundance  pwcentages,  threshold 
energy,  and  a  crude  indication  of  die  rdadve  yields 
at  this  specific  excitation  energy  are  also  given.  In 
the  first  colunm  is  the  number  of  knock-out  nucleons 
with  the  sign  of  the  decay  beta  particle. 

Of  the  nine  possible  hist  reactions  at  Ey  =  100  MeV, 
six  are  on  nitrogra  isotopes,  three  on  oxygen,  and 
one  each  on  carbon-13  and  boron-11,  the  latter  being 
produced  by  neutron  capture.  From  abundance 
considerations  only  those  reactions  in  bold  type  need 
be  taken  seriously.  At  ^  20  MeV  excitation  energy 
only  the  carbon  reaction  contributes,  at  40  MeV 
nitrogen  also  produce  an  appreciable  signal,  and  at 
1(X)  MeV  oxygen  may  dominate  the  signal. 

I  obtained  experimental  spectra  for  medium  and  small 
(plastic)  and  small  (metal)  land  mine  simulants;  air, 
brass,  dirt,  glass,  granite  paving  block,  particle 
board,  sand,  steel,  wood;  Al,  C,  Cu,  Fe,  Mg,  Pb; 
and  CaS04,  FCl,  HjO,  KBr,  MnOj,  NjHPj,  NjCjH*, 
NaBiO,,  NaCl.  The  targets  included  all  but  one 
(titanium)  of  the  10  most  abundant  elements  in  the 
earth’s  crust  (99.48%  by  weight)  as  well  as  17  other 
elements.  I  saw  signals  only  from  nitrogen  and 
carbon-13. 

Figure  2  shows  these  spectra  typical  of  these  other 
materials:  One  kilogram  of  table  salt  taken  under 
irradiation  conditions  similar  to  that  of  the  melamine 
already  mentioned.  This  spectra  shows  no  indications 
of  a  nitrogen  signal,  however,  detailed  analysis 
reveals  a  nitrogen  signal  which  can  be  fully  accounted 
for  by  the  room  air. 

Thus  only  carbon-13,  which  constitutes  1.1%  of 
iMturally  occurring  carbon,  provides  an  interfering 
signal.  The  carbon-13  created  signals  can  be  verified 
(and  therefore  its  interpretation  as  a  nitrogen  signal 
falsified)  using  the  unique  ability  of  the  racetrack 
microtron  to  change  energies  in  milliseconds:  When 
scanning  with  the  50  MeV  beam,  a  nitrogen  signal  is 
confirmed  by  halving  the  election  beam  energy  on  the 
next  burst  to  25  MoV  and  re-irradiating  the  pixel  -  if 
no  signal  is  seen  then  the  original  signal  was  from 
nitrogen. 

5.  IMAGING 

A  variety  of  lutural  and  man  made  objects,  from 
wool  sweaters  to  polish  sausage,  have  a  large 
nitrogen  content  similar  to  explosives.  It  is  therefore 
essential  for  any  operational  explosive  detection 


system  to  not  only  detect  but  also  to  image, 
nitrogenous  objects  since  often  fimction  can  be 
inqilied  from  form. 

To  see  how  imaging  may  be  accomplished  with  the 
Nitrogen  Camera  we  construct  again  a  simplistic 
exanqile.  Imagine  a  nylon  cube  whose  dimensions  are 
that  of  our  pixel,  6.3  cm  on  a  side,  and  contrive  a 
scanning  procedure  so  that  the  cube  lies  completely 
within  a  single  scan  pixel.  Make  the  detection  interval 
10  ms,  to  correspond  to  the  half  life  of  nitrogen-12 
which  we  assume  falsely  to  be  the  only  nitrogen 
maiker  produced.  Further,  assume  that  short-  and 
long-time  backgrounds  can  be  adequately  subtracted. 
Then  the  number  of  counts  from  each  scan  pixel 
before  encountering  the  cube  will  be  consistent  with 
that  of  the  intervening  air  and  so  can  be  subtracted  as 
a  pedestal  constant.  Once  the  cube  is  irradiated  N 
counts  will  appear  in  the  first  counting  interval. 
When  the  next,  and  cubeless  pixel  is  irradiated,  N/2 
counts  will  be  recorded  even  though  no  nitrogen  is 
present  in  the  most  recently  irradiated  pixel. 
Similarly,  subsequent  counting  intervals  will  give 
N/4,  N/8,  N/16,  and  so  on,  counts.  Desmearing  this 
image  can  then  be  accomplished  by  taking  the  cube 
pixel  as  containing  2N  counts  and  then  subtracting  the 
calculated  tail  from  the  subsequent  pixels.  Such  a 
procedure  can  be  generalized  for  real  world  non-ideal 
conditions  at  only  a  cost  of  complexity. 

A  prototype  detector  section  "4  5"  cylindrical 
scintillation  detectors  read  out  by  pbotomultilplier 
tubes  whose  power  supplies  are  operated  under 
computer  control  ~  is  being  built  to  explore  the 
imaging  capabilities  of  the  Nitrogen  Camera.  Each 
tube  output  is  to  be  fed  into  a  four-channel  customs 
electronics  module  that  will  initially  reside  in  the 
back  plane  of  an  IBM  compatible  486  computer. 
These  individual  electronic  channels  will  contain  a 
computer  controlled  discriminator  and  a  256  element, 
2'*  range,  memory  which  will  multiscale  at  1  ms,  or 
factors  of  2  thereof,  under  computer  control.  The 
start/stop  signals  will  originate  in  the  external  logic 
and  be  initiated  by  signals  from  the  accelerator 
electron  gim. 

6.  PROSPECTS 

For  the  Nitrogen  Camera  technique  to  have  a  chance 
of  succeeding  as  an  explosive  detector,  four  now 
experimentally  verified  ^ts  had  to  be  established: 

•  That  the  abundant  long  half-life  noise  is  at 
worst  well  behaved  (and  so  can  be  reliably 
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Table  I.  Reactioos  produced  at  100  MeV  with  decay  products  faster  than  100  ms. 


eN 

Reaction 

^thres 

(UeV) 

*■1/2 

{ms) 

Abundance  (%) 
Isotopic  Chemical 

Relative 

Yield 

0 

boron- 11  -♦  boron- 12 

-3.4 

20. 

80.1 

0.001 

- 

-1 

carbon-13  boron-12 

17.5 

20. 

1.1 

0.020 

.01 

-2 

nitrogen-14  -♦  boron-12 

25.1 

20. 

99.6 

0.002 

.15 

+2 

nitrogen-14  •+  nitrogen-12 

30.6 

11. 

99.6 

0.002 

.19 

-2 

nitrogen- 15  -*  boron- 13 

31.0 

17. 

0.4 

0.002 

.20 

-3 

nitrogen-15  -♦  boron-12 

35.9 

20. 

0.4 

0.002 

.21 

+3 

nitrogen-15  -♦  nitrogen-12 

41.5 

11. 

0.4 

0.002 

.24 

-3 

oxygen-16  -» boron-13 

43.2 

17. 

99.8 

46.400 

.25 

-3 

nitrogen-15  -+  beryllium-12  46.8 

24. 

0.4 

0.002 

.27 

-3 

oxygen- 18  boron- 15 

51.6 

9. 

0.2 

46.400 

.30 

+3 

oxygen-16  oxygen-13 

52.1 

9. 

99.8 

46.400 

.31 
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subtracted)  and  at  best  can  be  ignored  in  a 
single-shot  operational  mode; 

•  That  the  overwhelming  small  half-life  noise 
attending  acceleration  and  targeting  is  both 
sufficiently  well  behaved  and  of  brief 
duration  t^t  it  can  be  either  subtracted  or  its 
time  domain  ignored; 

•  That  the  signal  strength  is  sufficient  so  as  to 
be  measurable  above  these  backgrounds 
when  produced  by  a  smgle  burst  from  the 
accelerator;  and 

•  That  the  known  nitrogeo-feking  sigiul  from 
carbon-13  can  be  falsified  in  teal  time. 

The  above  accomplished,  what  now  needs  to  be 
demonstrated  is: 

•  That  imaging  capabilities  —  resolution,  pixel 
size,  etc.  -  are  sufficient; 

•  That  methods  of  sweeping  the  beam  can  be 
found; 

•  That  automatic  analysis  algorithms  can  be 
developed; 

•  That  data  taking,  beam  sweeping  and  data 
arulysis  can  be  synchronized;  and 

•  That  the  Ccanditronix  medical  microtron  can 
be  reduced  in  size  and  weight. 

# 

The  above  list  is  necessary,  not  sufficient.  The  failure 
to  accomplish  any  of  these  tasks  will  result  in  the 
Nitrogen  Camera  being  a  sterile  technology.  The 
achieving  all  of  them,  however,  will  not  assure  that 
it  will  become  an  economically  and  societally 
acceptable  device.  Whatever  is  the  eventual  result  it 
is  great  good  fun  trying,  for  a  change,  to  solve, 
rather  than  create,  a  social  problem  with  nuclear 
physia. 
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1.  BACKGROUND 

PENETRON,  Inc.  w«s  crokted  in  1987  as  a  joint 
venture  between  tbe  Esvitoometital  Research  lestitate 
of  Midugan  (BRIM)  and  Ann  Arbor  Nuclear,  Inc. 
(A^  for  devel(^meat  of  new,  innovative  search 
systems  for  detection  and  location  of  contraband  such 
as  hidden  explosives,  and  subsequently,  concealed 
narcotics.  Tt»  NES  system  concept  described  bdow 
resulted  from  tbe  initial  joint  venture  for  explosives 
detection. 

BDM  and  PENETRON  formed  a  team  in  April  1991 
to  pursue  development  further  and  to  inq>lemear  the 
N^  technology. 

The  systems  are  based  on  Neutron  Elastic  Sc<ttter 
(NES)  vriuch  incorporates  two  patented  techniques. 
Neutron  Resonant  Elastic  Scatter  (I'TRES)  and 
Neutron  Elastic  Back  Scatter  (NEBS),  in  a 
proprietary  technology.  The  Erst  patent  (4,864,142) 
on  the  NRES  technology  issued  on  September  5, 
1989  and  a  second  patent,  on  the  NEBS  technology 
(4,918,315),  issued  on  April  17,  1990. 

The  development  started  in  1986,  in  response  to  a 
perceived  need  for  new  methods  of  contraband 
detection  that  would  be  sensitive,  difficult  to  counter, 
and  have  a  low  folse  alarm  rate. 

The  chemical  and  physical  properties  of  the  common 
explosives  were  analyzed  (ffom  the  literature)  and  the 
methods  for  their  detection  which  were  known  to  be 
in  use  or  under  development  were  reviewed.  There 
wore  manyl  In  addition,  chemical  and  physical 
processes  which  were  qqI  under  development  were 
explored.  This  study  producod  the  realization  that  the 
large  elastic  scatter  cross  sections  of  the  nuclei  of  the 
ligM  elements  for  fast  neutrons  which  are  well  known 
in  nuclear  physics  were  not  being  used  as  a  basis  for 
an  explosives  idratiticatioa  system.  The  ioitial 
analytical  work,  which  ran  for  about  a  year  within 


Am  Arbor  Nuclear  but  in  close  collabontioo  with 
ERIM,  was  ftdlawed  by  fonmatioo  of  PENETRON  as 
a  joint  veature  and  tiie  initiatioa  of  an  experimental 
testing  and  verification  fHo^am.  The  experimeats 
were  carried  out  at  tiie  Nuclear  Physics  Research 
Laboratory  of  tiie  Univosiiy  of  Kentucky  at 
Lexington  under  tiie  supervisioii  of  Piofosaor  Marcus 
McEUistrem. 

These  studies  form  the  base  from  \riuch  d»  BDM> 
PENETRON  team  is  moving  towards  prototype 
systems  for  dsmoostiatioo  and  toward  production  of 
fieldable  sysisms. 

2.  INTRODUCTION  TO  TECHNICAL 
DISCUSSION 

The  detection  and  location  of  concealed  explosives  by 
Neutron  Elastic  Scatter  (NES)  is  based  on  detection 
cf  tbe  atomic  constituents  and  measurement  of  thrir 
retq>ective  concentiatioos.  Using  Carbon,  Nitrogen, 
and  Oxygen  as  the  primsiy  targets,  the  presence 
anoount  of  each  is  measured  and  the  Caibon-Nitrogen 
and  Oxygen>Nitrogen  ratios  established.  As  shown 
in  Table  1,  foe  principal  explosives  have  C/N  and 
0/N  ratios  which  fid!  into  a  fidrly  narrow  range.  The 
densities  range  between  1.5  and  2,  and  the 
coiisceattatiou  of  Nitrogen  is  high,  IS  to  35%. 

There  are  many  innocent  articles  of  commmee, 
however,  which  contain  Nitrogen.  Here,  the 
cmicentratioa  of  Nitrogen  is  lower  or  the  ratios  are 
different. 

It  is  important  tiiat  a  probe  technique  be  sensitive 
enough  to  detect  the  conceatratioos  of  Nitrogen,  but 
also  be  able  to  evaluate  the  setting  in  which  it  is 
found;  to  determine  the  ratios  or  'signature.* 

3.  FRINCIFLESOFNES 

The  common  explosives  contain  predominantly  li^ 
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atoiBs;  Hydrogen,  Caiboi,  Nitrogen,  end  Oxygen. 
Fast  noitroas  wilf  interact  stnmgiy,  prinsarily  by 
elastic  coUisiun,  wiQi  the  light  nuclei  in  contrast  with 
X-rays  \tduch  show  rdatively  weak  interactions.  In 
dastic  collisions  tttere  is  no  cl^ge  in  the  structure  of 
the  nucleus  hit  by  die  neutraa. 

From  a  beam  of  neutrons  with  same  energy 
impinging  on  target  nuclei,  the  neutrons  scattered  in 
a  particular  direction  have  a  new,  unique  reduced 
energy  determined  by  the  mass  of  the  nucleus  hit. 

By  measuring  the  change  between  neutron  velocity  in 
and  the  velocity  out,  the  nucleus  struck  can  be 
identified.  Carbon,  Nitrogen,  and  Oxygen  all 
produce  different  back  scatter  velocities  (see  Figure 
1). 

From  the  intensity  of  the  back  scattered  signals,  the 
amounts  of  the  chemical  elements  doing  the  scattering 
can  be  automatically  calculated,  and  from  the  ratios 
of  their  signals,  the  composition  can  be  estimated. 
Not  only  is  Nitrogoi  detected  and  measured,  but  also 
the  ratios  of  Nitrogen  to  Carbon,  Nitrogen  to 
Oxygen,  etc.  can  be  established  automatically. 
Neutron  Elastic  Scatter  provides  a  quick  and  sensitive 
way  of  doing  a  remote  chemical  identification. 

Up  to  this  point,  we  have  assumed  that  the  nuclei  of 
the  different  light  elements  (C,  N,  0)  display  the 
same  cross  section;  the  same  size  and  shape  targets  to 
the  incoming  neutrons.  The  targets  differ  only  in 
mass  or  weight. 

For  some  neutron  energy  regions  this  can  be 
reasonably  accurate,  but  for  particular  energies, 
individual  elements  can  show  unique  changes  in  cross 
section  because  they  no  longer  are  essentially 
spherical.  Instead,  diey  scatter  the  neutrons  more 
effectively  in  one  direction  (back  scatter)  than  another 
(side  scatter)  and  the  effective  size,  the  cross  section, 
may  increase  several  fold,  or  it  may  even  almost 
dis(q)pear  making  the  element  "transparent.* 

We  refer  to  the  peaks  in  the  scatter  cross  section  at 
particular  energies  as  "resonances.*  This  may  be 
seen  in  Figure  2  for  the  elements  H,  C,  N,  and  O. 
The  differential  cross  section  for  Nitrogen  as  a 
function  of  angle,  with  neutron  energy  as  a  parameter 
is  shown  in  Figure  3.  Note  that  for  back  scatter 
(cos  a  =  -1.0)  the  cross  section  for  1.78  MeV  is 
higher  than  for  1.59  MeV.  The  total  cross  sections 
(see  Figure  2)  are  in  reverse  order.  When  the  back 
scatter  spectrum  for  Nitrogen  is  compared  with  the 


avemged  cross  secticm  as  a  function  of  neutron 
oiergy,  isqwitant  differences  emerge.  Ihe  back 
scatter  resonances  are  usually  higher,  eahanciug 
sensitivity,  but  in  some  cases  (1.59  MeV)  there  is  no 
back  scatter  peak  (Figure  4). 

These  back  scatter  resonances  can  be  found  at 
energies  up  td^bout  10  MeV,  as  seen  in  Figure  5  for 
Nitrogen.  This  sets  an  effective  energy  limit  on  the 
NRES  technique.  The  NEBS  technique  which  is  used 
to  generate  the  "signatures"  remains  effective  to  20 
MeV  and  higher;  as  long  as  elastic  scatter  is 
dominant. 

Similar  properties  are  displayed  by  Carbon  and 
Oxygen.  Backscatter  spectra  for  C,  N,  and  O  are 
shown  in  Figure  6. 

The  nuclear  data  presented  has  been  developed  from 
sources  in  the  open  literature  and  in  particular,  data 
from  the  National  Nuclear  Data  Center  at  Brookhaven 
National  Laboratory. 

4.  LABORATORY  TEST  RESULTS 

Up  to  this  point  we  have  dealt  with  conc^ts.  The 
NES  technology  has  been  successfully  demonstrated 
in  the  laboratory.  Spectra,  have  been  experim^itally 
observed  for  "innocent  materials"  (plastics)  versus 
simulated  explosives.  The  results  at  one  neutron 
energy  (application  of  the  NEBS  principle)  are  shown 
in  Figure  7.  The  difference,  particularly  in  the 
detection  of  Nitrogen,  along  with  Carbon  and 
Oxygen,  are  clear.  It  should  be  noted  that  the 
conqrlete  spectrum  of  elements  is  generated  using  one 
input  energy. 

Three  spectra  for  the  simulated  explosive  taken  at 
different  neutron  energies  (application  of  the  NRES 
principle)  illustrate  in  Figure  8  the  change  in  contrast 
and  how  the  Nitrogen  signal  is  enhanced.  The 
spectra  were  normalized  to  the  Carbon  signal.  A 
shift  of  30  KeV  (1.78  to  1.75  MeV)  would  change 
only  the  Nitrogen  peak,  thus  providing  a  test  for  false 
alarms. 

The  preceding  figures  were  "smoothed"  for  clarity  of 
presentation.  A  computer  printout  of  the  actual  data 
points  showing  standard  deviations  for  each  channel 
count  and  the  derived  spectrum  using  the  SAN-12 
code  is  presented  in  Figure  9.  The  experimeots  were 
carried  out  in  the  accelerator  laboratory  at  the 
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University  of  Kentucky  under  die  supervision  of 
Professor  Mucus  McEUistiem. 

One  other  example  is  given.  Thin  sheet  explosives 
are  a  known  prc^lem.  Figures  10  and  11  show  the 
sxperimeatally  generated  spectra  for  a  thin  sheet 
alcNie  and  for  the  same  sheet  behind  aluminum  as  in 
an  attache  case.  It  is  easily  detected,  and  a  typical 
cover  makes  no  difference. 

5.  POSTULATED  PROBLEMS 

5.1. False  Alarms 

We  have  examined  several  sources  of  postulated  false 
alarms  and  find  that  eithu  the  NES  system  can 
reveal  furious  signals  in  its  normal  configuratioa 
or  is  readily  modified  to  meet  the  problem.  The 
basic  protection  comes  from  the  fact  that: 

5.1.1.  'Signatures”  are  generated  and  these  are 
characteristic  of  the  material  being  examined. 

5.1.2.  The  resonutce  technique  allows  quick  roudne 
and  automatic  check  on  the  authenticity  of  signature, 
that  is,  is  a  given  peak  really  due  to  Nitrogen? 

Our  thinking  on  these  and  other  postulated  false 
alarms  is  summarized  in  Table  2.  We  believe  the 
problems  can  be  met. 

5.2.  RadiationProtectionCalcuIationsindicatethat 
for  the  proposed  neutron  energy  range  (to  3.5  MeV), 
an  operator  and  the  general  public  can  be  readily 
protected  by  light  (water  tank  or  equivalent)  shielding 
less  than  1  meter  thick;  about  one  third  of  that 
required  for  14  MeV  neutrons. 

On  the  matter  of  induced  radioactivity,  the  basic 
process  d^iends  on  elastic  scatter  which  is  the 
dominant  reaction  by  orders  of  mai^tude.  In 
Table  3,  we  have  summarized  our  findings  for 
examination  of  an  aluminum  case.  The  initial  dose 
rate  from  the  surface  of  a  freshly  examined  case  is 
calculated  to  be  less  than  1  x  10*^  of  the  ambient  sea 
level  dose. 

For  an  experiment  similar  to  that  shown  in  Figure  7, 
no  radioactivity  could  be  measured  with  a  safety 
survey  (O.M.)  type  meter  after  the  source  was  turned 
off  and  the  case  brought  out  from  behind  the  shield. 


€,  COMMEmS  IN  CCK^ICLUSION 

•  NES  is  based  upon  a  primsty  effect,  and  is 
dius  mofe  precise,  re&ble,  and  quideesr 
for  detecdoc  of  concealed  explodvea. 

•  NES  is  based  on  coireot  and  availibm 
technology. 

•  NES  hu  meaaired  dau  from  labtsatory 

dMtWTngtraiining 

•  NES  produces  negligibie  residual 
radioactivity. 

•  NES  can  be  in  production,  pending 
funding  and  leaolutimi  of  qrstem 
engineering  issues,  in  3-S  years. 
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Table  1.  Elemental  Ratios,  Concentrations,  and  Densities  for  Explosives 
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pxobolnlity  for  bade  scatter  with  the 
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Pulsa  Height-  Racol  Ratio 
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FIGURE  1 .  NEUTRON  BACK  SCATTER  FROM  TARGET  NUCLEI 


59  MeV 
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FIGURE  3.  DIFFERERTIAL  CROSS  SECTIOW  VS.  SCATTER  AR6LE 
Heutron  Elastic  Scatter  from  Nitrogen 


FCRENTIM.  CROSS  SECTION  FOR  BACK  SCATTER 
K1111t>«rf3s  per  Steradlan 


•••••CirtKJU 


•  •  •  Oxygen 


Ig  2  g  -—Nitrogen 


Neutron  Energy  -  HeV 


FIGURE  6.  DIFFERENTIAL  CROSS  SECTION  FOR  BACK  SCAHER  VS 
NEUTRON  ENERGY 


Elements: 


s^unOQ 
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FISURE  7.  SPECTRUM  OF  BACK  SCATTERED  NEUTRONS  FROM  PLASTIC  TARGETS  WITH  AND 
WITHOUT  NITROGEN 

Input  Be«B  Energy  —  1.78  MeV  (Nitrogen  Resonance) 


Elements 
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FIGURE  8.  SPECTRUM  OF  BACK  SCATTERED  NEUTRONS  FROM  MELAMINE  +  FIBERGLASS  FOR  DIFFERENT 
INCIDENT  NEUTRON  BEAM  ENERGIES 
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FIGURE  9.  COKPUTER  PRINTOUT  OF  HEt/WINE  AND  FIBERGLASS  SIGNATURE 


Relative  Signal  Height 


FIGURE  10.  SPECTRUM  OF  BACK  SCATTERED  NEUTRONS  FROM  SIMULATED 
SHEET  EXPLOSIVE 

(1/4  inch  of  Melamine  +  Cellulose) 

Seam  Energy:  1.78  MeV  (Strong  Ni trogen  Resonance ) 
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500 


Channel  Number  •  Relatlvt  Baekioatliftd  Neutron  Energy 
from  TlnuhOf-ElIgM 


FIGURE  n.  SPECTRUM  OF  BACK  SCAHEREO  NEUTRONS  FROM  SIMUUTED 
SHEET  EXPLOSIVE 

(1/4  Inch  of  Melamine  Cellulose) 

COVERED  BY  1/8  inch  SHEET  OF  ALUMINUM 

Beam  Energy:  1.78  MeV  (Strong  Nitrogen  Resonance) 
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EXPLOSIVE  DETECTION  SYSTEM 

Willis  Lee,  Joseph  Rewlshan,  Feter  Ryge,  sad  Tsahi  Oozaai 
Scieoce  Apjpiicstioas  iBlenstioesl  CofpcHst^ 

Saais  Clan,  CA 


1.  INTRCHJUCnON 

Tho  gamma  lay  sdntillators  fonn  the  basic  dstectun 
system  for  foiee  nuclear^ased  explosive  detectioo 
systems,  aamdy  the  thermal  oeutroo  analysis  (TNA), 
hist  neutron  analysis  (FNA),  and  pulsed  fiist  neutron 
analysis  (PFNA).  These  sdntillators  are  required  to 
distinguish  gamma  ny  lines  of  interest  from  a  variety 
of  background  that  comes  from  non-explosive 
materials  as  wdl  as  the  detector  material  itself.  The 
gamma  my  of  interest  in  die  case  of  TNA  is  the 
10.83  MeV  thermal  neutrcm  capture  line  from 
nitrogen.  The  lines  of  interest  in  FNA  and  PFNA 
ate  the  6.13  and  4.43  MeV  lines  from  inelastic 
scattering  of  fut  neutrcxis  in  oxygen  and  carbon, 
respectively,  among  others. 

Various  types  of  scintUlators  were  evaluated.  The 
list  included  thallium  activated  sodium  iodide 
(NaI(Tl)),  bismuth  gennanate  (B^Oe^O,),  also  knofwn 
as  BOO),  and  barium  fluoride  (BaF^. 


2.  ENERGY  AND  TIME  RESOLUTION 

Good  energy  and  time  resolution  are  key  foctors  in 
the  detector  selection  process.  They  enable  the 
separation  of  the  gamma  my  of  interest  from  other 
interfering  lines  and  background.  In  the  case  of  the 
TNA,  there  are  several  gamma  ray  lines  that  lie  just 
below  the  nitrogen  region  (10  *  11  MeV),  causing 
interference.  Some  of  these  interfering  lines  are  the 
9.7  MeV  chromium  capture  line,  the  9.3  MeV  irrm 
capture  line,  the  9  MeV  nickel  capture  line,  and  the 
8.6  MeV  chlorine  capture  line.  The  poor  energy 
resolution  makes  the  separation  between  nitrogen 
signals  and  deleterious  signals  from  the  interfering 
materials  very  difficult.  The  main  background  comes 
from  pileup  \riiere  two  or  more  gamma  rays,  whose 
combined  energies  fell  in  the  nitrogen  region,  are 
incident  on  the  detector  within  the  resolving  time  of 
the  electronics. 


When  the  energy  resolutiao  is  compared  at  662  KeV , 
the  NaI(Tl)  detects  lus  the  best  resolurion  of  about 
1%,  followed  by  the  BaFj  at  10%,  and  die  BGO  at 
13%’*^.  The  BGO  detector  is  inferior  to  the  NaI(Tl) 
in  energy  reaolutioo  by  about  a  fector  of  two  and 
toids  to  trap  the  scintiiiatirHi  light  because  of  its  high 
index  of  refraction. 

The  time  resolutim  for  the  3''x3''  NaI(Tl)  detector  is 
around  0.6  ns  and  for  the  4*  cube  is  1.1  ns  at  6.13 
MeV.  The  time  resolution  for  the  BGO  is  little 
worse  (around  1.4  ns)  at  6.13  MeV  and  deteriorates 
rapidly  towards  lower  energies.  The  BaFj  detector  is 
the  festest  of  the  grcxqi;  resoluticm  time  of 230  ps  can 
be  obtained  with  the  I'xl*  scintillator.  The  timing 
resolution  also  inqiroves  with  size.'*  This  means 
better  timing  resolution  can  be  obtained  by  using 
smaller  crystals. 


3.  DETECTION  EFFICIENCY 

The  detection  efficiency  increases  with  the  density 
and  atomic  number  of  the  scintillator  material.  Tt» 
BGO  has  one  of  the  best  photopeak  efficiencies  (see 
Figure  1).  It  has  an  extremely  high  str^ing  power 
because  of  the  high  atomic  number  of  bismuth 
(Z»  83)  and  its  high  density  (7.13  g/cm^.  A  high 
stopping  power  is  required  to  detect  the  very  high 
energy  gamma  ray  of  10.83  MeV  in  the  TNA. 
Despite  the  inferior  energy  resolution,  the  BOO  has 
a  high  peak  to  conqiUm  ratio  and  produces  a  lower 
contribution  in  the  forms  of  single  and  double  escape 
peaks.  The  former  is  3  times  and  the  latter  50  times 
smaller  than  the  foil  energy  peak,  enhancing  the 
sqMuretion  of  a  nitrogen  signal  from  that  of  chromium 
and  iron. 

In  order  to  quantify  the  gamma  ray  detection 
efficiencies  for  various  sizes  and  types  of  detectors, 
the  detector  responses  were  simulated  using  EGS4 
(Electron  Gamma  Shower  version  4)  code.  The  input 
geometry  included  only  the  bare  crystal.  The  gamma 
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ray  sources  were  located  25  cm  from  the  face  of  the 
detectors  at  an  angle  of  0  degree.  The  simulation 
results  showed  good  agreement  with  the  experimental 
data  for  a  few  benchmaHc  cases  (see  Figure  2). 
From  the  simulation  results,  one  can  conclude  that 
the  BGO  detector  is  ever  2  times  more  efficient  than 
the  Nal  and  1.5  times  more  efficient  the  BaFj,  for  the 
same  crystal  size. 

4.  COMPARISON  OF  THE  NalfTl)  AND  BGO 
SCINTILLATORS 

A  measurement  was  done  to  characterize  and 
compare  the  NalfTl)  and  BGO  scintillators  of  various 
sizes.  The  following  types  and  sizes  of  the 
scintillators  were  studied:  a  4"x4*x4"  (cubic) 
Nal(n),  and  cylindrical  shape:  3''x3"  NalfTl),  2''x4" 
Nairn),  3‘x3*  BGO,  and  a  2’'X2"  BGO  detector. 
These  detectors  were  tested  in  a  prototype  carry-on 
explosive  detection  system  (COEDS).  Two  differmst 
widths  of  nitrogen  regions  were  evaluated,  namely  a 
wide  region  (9.4  MeV  -  11.3  MeV)  and  a  narrow 
region  (10.05  MeV  -  11.3  MeV).  The  wide  region 
included  a  10.83  MeV  full  energy  peak  all  the  way 
down  to  the  double  escape  peak,  and  the  narrow 
region  excluded  the  double  esctqre  peak.  The  wide 
region  favors  the  smaller  detectors  while  the  narrow 
region  favors  the  large  4*x  4"x  4“  Nal(n).  For 
instance,  since  smaller  detectors  lack  a  detection 
efficiency  and  have  a  higher  probability  of  producing 
single  and  double  esoqie  peaks,  a  vrider  region  would 
be  more  beneficial. 

Table  1  summarizes  the  comparison  of  net  signal, 
signal  to  background  ratio,  and  figure  of  merit.  The 
figure  of  merit  (FOM)  is  defined  as: 


/S+2B  y/2+S/B 

where  S  represents  count  rate  due  to  the  source  alone 
without  background  and  B  represents  count  rate  due 
to  background.  The  FOM  measures  the  ratio  of 
signal  to  statistical  background  in  terms  of  the 
number  of  (counting  statistics)  standard  deviation. 
This  met^ure  is  especially  in^wrtant  in  TNA  because 
of  its  short  acquisition  time. 

The  results  seem  to  indicate  that  there  will  probably 
be  more  losses  than  gains  by  going  with  a  2*x4'' 
NaI(Tl)  detector.  For  exanqrle,  the  figure  of  merit 
dropped  by  more  than  a  factor  of  two  between  a 


4"x4"x4''  and  2"x4"  NaI(Tl)  detector  while  signal  to 
background  ratio  improved  a  little  for  the  wide  region 
and  remained  same  for  the  narrow  region.  A  3''x3'' 
NaI(Tl)  detector  foired  slightly  better,  but  the 
inqrrovement  in  signal  to  background  ratio  was  not 
enough  to  offset  the  deficiency  in  the  net  signal  and 
figure  of  merit.  However,  Uiese  smaller  detectors 
could  fare  better  if  the  source  intensity  could  be 
increased. 

The  3"x3*  and  2’'x2"  BGO  detectors  were  then 
compared  against  the  4”  cube  NaI(T!).  In  order  to 
reduce  the  interference  from  neutron  capture  gamma 
rays  in  %e,  the  BGO  detectors  were  encased  in 
appropriate  shielding.  The  detector  signals  were 
passed  through  a  preamplifier  and  a  conventional 
qiectroscopy  aiaplirier  (Canberra  2020).  Its  output 
was  then  fed  to  an  ADC  which  was  part  of  the 
Nuclear  Data  Accuq)ec  PC-based  MCA  board. 
Table  2  shows  some  basic  comparisons  between  the 
detectors,  namely  the  front  surhu»  area,  the  volume 
of  the  crystal  and  their  total  input  count  rates. 

As  might  be  expected,  the  coimt  rate  is  roughly 
proportional  to  foe  surfiKe  area  ratio.  Figure  3 
shows  foe  spectral  comparison  between  these  three 
detectors.  The  resolution  measurements  were  done 
at  three  different  gamma  ray  energies,  namely  2.22 
MeV  (hydrogm  capture),  4.95  MeV  (carbon 
capture),  and  10.83  MeV  (nitrogen  capture). 

The  resolution  comparison  (see  Table  3)  ctmfirms 
that  foe  Nal(n)  detector  has  a  8iq>erior  resolution 
than  foe  BOO  detectors.  For  example,  at  10.83  MeV 
foe  3*x3*  BGO  detector  has  abwt  a  28%  poorer 
resolution  than  the  4*  cube  Nal  detector,  a^  foe 
2''x2''  BGO  has  a  41  %  inferior  resolution  than  foe 
4*x4"x4*. 

The  efficiencies  of  these  detectors  are  also  conpated. 
To  compare  efficiencies  of  foe  detectors,  a  following 
method  of  calculating  foe  detector  efficiency  was 
used: 


Efficiency  Total  output  count  rate  above  2 
MeV  /  Total  input  count  rate  above 
noise. 

This  countmg  efficiency  measures  foe  intrinsic 
detection  efficiency  for  high  energy  gamma  rays 
(above  2  MeV)  with  respect  to  all  gamma  rays 
recorded  by  foe  detector. 

For  foe  4”  cube  Nal(n)  and  foe  3''x3''  BOO,  the 
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calculated  efficiency  was  kkntical  at  about  17%  while 
the  2*x2*  BOO  efficiency  was  somewhat  lower  at 
about  14%. 


5.  CONOLUSION 

Otho^  ftctofs  to  consider  in  the  detector  solectioa 
process  are  cost,  availability,  handling,  and  sensitivity 
to  peutron  backgrounds.  Table  4'*^  sununariies  the 
basic'properties  of  various  scintillators.  The  NaI(Tl) 
is  the  most  available  and  relatively  inexpensive 
detector.  Its  energy  resolution  is  one  of  the  best 
among  inorganic  Kintiliators,  but  its  time  resolution 
and  detection  efficiency  are  only  average.  It  needs  to 
be  handled  with  care  since  it  is  hygroscopic  and 
iragile'.  The  BOO  detector  is  the  most  efficient  of 
the  group,  with  its  high  stopping  power  and  high 
peak  to  compton  ratio.  It  is  also  non-hygroscopic 
and  much  more  rugged  compared  to  the  NaI(Ti).  Its 
disadvantages  include  poor  energy  and  timing 
resolution,  high  cost,  and  low  availability.  The  BaFj 
detector  has  the  histest  timing  resolution  of  the  group. 
Its  efficiency  is  between  that  of  the  BOO  and  NaI(Tl) 
detectors.  Figure  4  shows  the  comparisons  of  spectra 
taken  in  a  laboratory  FNA  system.  However,  its 
disadvantages  are  poor  resolution,  high  cost,  and  low 
to  medium  availability. 

In  nuclear  based  systems,  detectors  are  exposed  to 
neutron  fluxes  of  different  energies.  These  neutrons 
may  create  backgrounds  in  the  various  gamma  energy 
region  and  may  also  add  to  the  overall  count  rate  in 
the  detector.  The  calculated  cross  section  for  thermal 
neutron  capture  in  a  Nal  detector  is  2.7  x  10^  bams 
per  gram  while  the  cross  section  in  a  BOO  is  only 
3.4  X  10^'  bams  per  gram*.  The  factor  of  eight 
reduction  in  the  cross  section  for  the  BOO  means 
significant  reduction  in  the  background.  In  the  case 
of  the  NaI(Tl),  neutrons  impinging  on  the  crystal 
creates  cascade  of  gamma  ray  lines  around  6.8  MeV 
due  to  resonance  capture  of  neutrons  in  iodine.  On 
the  other  hand,  a  BOO  manifests  a  10.2  MeV  gamma 
ray  line  which  comes  from  cascade  gamma  rays 
emitted  as  a  result  of  neutron  capture  on  ^e  (7.8% 
abundant  isotope  of  Ge)  within  the  crystal  (see  Figure 
S).  This  high  energy  gamma  ray  falls  within  the 
nitrogen  region  in  the  TNA  and  thus  poses  a 
problem.  Fortunately,  it  has  been  proven  that  Uiis 
line  can  be  sufficiently  reduced  by  surrounding  a 
BOO  detector  with  adequate  shielding.  The  same  is 
true  with  a  Nal(n)  detector.  A  BaF,  detector  is  the 
least  problematic  in  this  area  because  of  its  low  cross 
section  to  neutrons,  and  its  background  gamma  rays 


do  not  interfere  with  the  gamma  rays  of  interest. 
NOTES 

‘Harshaw  Chemical  Company,  Solon,  Ohio. 

%exon  Corporation,  Macedonia,  Ohio. 

%icron  Corporation,  Newbury,  Ohio. 

*E,  Daihi,  Nuclear  Instruments  and  Methods  in 
Physics  Research  A2S4  (1987)  54-60,  North- 
Holland,  Amsterdam. 

*W.C.  Kaiser,  Anal.  Chem.  38  (11),  27A  (1966). 

‘S.A.  Wender,  IEEE  Transactions  on  Nuclear 
Science,  Vol.  NS-30,  No.  2  (April  1983). 


142 


Rguiel  Compaiiioa  of  Photo  Peak  Effideacy  BeTMca  t«bl(TI)  mkI  BGO  Dctecton. 
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Resolution  at  2.61  MeV 


6  8  10 

Energy  [MeV] 


I%ir6  2  Detector  Response  (3*x3') 


44 


Melamine  S&'nple 


T - 1 - — , - 1- 

4  6  a  10 

Energy  [Mev] 


Figure  3  Detector  Compariioa  Uaiog  CX)EDS 


Figure4  Comparison  between  a  3*x3''BaF2  detected  (bottom)  and  «3*X3*BG0  detector  for 
a  2*x2*x4*  graphite  sample  in  a  laboratoiy  FNA  system.  Obseive  the  lower 
efiBdency  a^  background  of  the  BaPj  detekor. 
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Table  1 


FOM  Con^iarison  Between  Various  Nal  Detector  Sizes 


Wide  Region:  (9.4  MeV  -  11,3  MeV) 

Detector  Size 

Net 

S/B 

FOM 

4x4  (det  33) 

10.89 

2.23 

2.40 

4x4  (det  48) 

11.18 

2.64 

2.52 

3x3  (det  47) 

3.61 

3.44 

1.51 

2.X4  (det  34) 

1.69 

3.31 

1.03 

Narrow  Region:  (10.05  MeV  -  11.3  MeV) 

1  Detector  Size 

Net 

S/B 

FOM 

1  4x4  (det  33) 

7.17 

3.22 

2.10 

1  4x4  (det  48) 

6.92 

3.41 

2.09 

1  3x3  (det  47) 

1.79 

3.65 

1.08 

1  2x4  (det  34) 

0.80 

3.20 

0.70 

Table  2 

Description  of  the  Scintillators 


4*x4'x4’NaI  3*x3*  BOO  2'x2' BOO 


Area 

16  in^ 

mQiii 

3.1  in*  1 

Volume 

64  iic* 

21.3  in* 

6.2  in*  1 

Count  Rate 

23.6  kcps 

ll.S  kcps 

7.1  kcps  1 
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Basic  Properties  of  Various  Scintillators 


Price  for  single  detector.  For  bulk  onler  tiie  price  is  significaotly  lower. 


EXPLOSP/E  DETECTION  SYSTEM  BASED  ON 
ELECTRONIC  NEUTRON  GENERATOR  (ENG) 


Willis  Lee,  David  B.  Mahood,  Peter  Ryge,  Josqih  Bendahan,  and  Tsahi  Oozui 
Science  Applications  International  Corporation 
2950  Patrick  Hairy  Dr. 

Santa  Clara,  CA  9S0S4 


1.  INTRODUCTION 

Under  FAA  sponsorship,  thermal  neutron  analysis 
(TNA)  esplosive  detection  systems  (EDS)  for 
inspection  of  checked  airline  baggage  have  been 
developed  and  demonstrated.  Two  parallel 
development  paths  were  initiated,  one  using  a 
catifomium-2S2  radioisotope  source  and  one  using  an 
electronic  neutron  generator  (ENO)  consisting  of  a 
smali  particle  accelerator  with  a  neutron  production 
target.  A  second  g^eration  development  produced 
the  cJifomium-based  TNA  presently  dqiloyed  in 
various  airports. 

Each  of  these  neutron  sources  has  its  advantages  over 
the  other.  The  californium  source  is  more  compact, 
economical  and  absolutely  reliable  since  neutrons  are 
emitted  constantly  (whether  desired  or  not).  A 
neutron  generator  is  more  bulky,  expensive,  and,  like 
any  equipment,  not  totally  reliable.  However,  since 
it  can  be  turned  off  and  thereby  cease  emitting 
radiation,  it  was  considered  inherently  safer  and 
expected  to  be  less  difficult  in  terms  of  regulation  and 
licensing.  It  was  also  expected  that  the  ENO-based 
EDS  would  be  less  subject  to  the  extreme  sensitivities 
of  some  individuals  to  the  presence  of  radioactive 
materials  in  a  public  iq)plication. 

The  Kaman  A711  was  the  least  costly  neutron 
generator  capable  of  providing  the  necessary  neutron 
flux  and  was  therefore  selected  for  the  ENO-EDS 
development.  A  prototype  EDS  using  it  was 
designed,  constructed  and  evaluated. 

2.  THICK  TARGET  YIELDS 

Various  deuteron  beam  reactions  can  be  employed  for 
producing  neutrons.  Neutron  production  yields  are 
shown  in  Figure  1  for  various  reactions.[l]  The 
prolific  T(d,n)Tie  reaction  is  not  suitable  for  IhlA 
application  beause  the  14  MeV  neutrons  emitted  are 
too  difficult  to  shield  and  produce  excessive 
background. 


The  D(d,n)’He  reaction  has  a  high  yield  with  low 
particle  energies  and  was  used  in  t^  com^t  Kaman 
generator.  The  energy  distriimtion  of  die  neutrons 
emitted  from  the  D(d,n)Tie  reaction  at  low  deuteron 
beam  miergy  is  alijiost  monooiergetic,  resulting  in  a 
good  neutron  thennalization  efficies^y.  Ihe  Kaman 
accelerator  produced  a  ISO  keV  deuteron  beam  widi 
currents  of  up  to  4.0  mA  which  resulted  in  a  total 
neutron  output  of  SxlO*  n/sec  at  an  energy  of  about 
2.6  MeV. 

The  *Be(d,n)'°B  reaction  was  also  en^loyed  for  the 
production  of  neutrons.  The  neutroa  yield  from  the 
reaction  is  isotropic  about  the  target  and  the  energy 
distribution  is  shown  in  Figure  2.  The  neutron 
spectrum  of  interest  is  from  the  1.0  MeV  deuteron 
beam  produced  by  the  National  Electrostatic 
Corporation  (NEC)  accelerator. 

Figure  3  shows  the  expected  neutron  producUtm  from 
the  ’B6(d,n)'%  reaction  at  various  bombarding 
energies.  A  1  MeV  deuteron  beam  should  produce 
a  neutron  output  of  about  1x10*  n/sec'^A.  The  NEC 
accelerator  was  rated  at  a  maximum  beam  currant  of 
20  nA  at  1  MeV  energy  with  stable,  reliable 
operation,  giving  neutron  outputs  as  high  as  IxKf 
n/sec. 

3.  ADVANTAGES  AND  DISADVANTAGES  OF 
THE  D(d,n)He’  AND  Be'(d,Q)B**  REACTKU^S 

The  miyor  advantage  of  ihe  D(d,n)*He  reaction  is  that 
high  neutron  yields  c«i  be  achieved  at  low  voltage  or 
beam  energy  but  requires  hi^  beam  current.  The 
monoenergetic  output  results  in  more  efficiont 
thermal  neutron  production. 

The  principal  disadvantage  is  that  the  target  is  short 
lived  due  to  deuterium  ^nittering  erosion  which 
occurs  at  the  high  beam  currents  needed  to  supidy 
adequate  neutron  yield. 

The  *Be<d,n)'^B  reactiou  has  the  advantage  of 
producing  high  neutron  ooqiut  but  requirea  higher 
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beam  energy.  The  major  advantage  of  the  reacdcm  is 
that  soiid  beryllium  neutron  production  targets  can  be 
employed  and  >^111  last  indefinitely.  A  disadvantage 
is  die  producticm  of  gamma  rays  along  with  the  broad 
neutron  spectrum  resulting  in  a  higher  background 
which  must  be  tak«i  into  account. 

4.  NEUTRON  GENERATOR  SYSTEMS 

4.1  Kaman  Modd  A711  Neutron  Generator 

The  Kaman  A711  Neutron  Generator  is  shown 
schematically  in  Figure  4  integrated  with  the 
prototype  EDS.  The  compact  accelerator  hesui  is 
located  within  the  shielding  above  the  baggage¬ 
carrying  conveyor  belt.  The  head  consists  of  an  SF^ 
insulated  pressure  vessel  containing  the  glass  and 
metal  sealed  accelerator  tube,  ccjiprised  of  a 
deuterium  ion  source,  acceleration  electrodes  and 
neutron  production  target.  This  sealed  tube  was  an 
expended  component,  replaced  at  a  cost  of  $17,000, 
requiring  about  eight  hours.  The  high  voltage  power 
supplies  and  cooling  systems  are  placed  on  top  of  the 
M^uveyor  shielding  at  the  ends  of  the  EDS. 

The  Kaman  accelerator  was  operated  by  a  laboratory 
technician.  The  control  system  for  the  accelerator 
was  found  to  be  unstable,  so  a  microprocessor  based 
controller  was  developed  to  automatically  maintain  a 
fairly  coasttmt  neutron  output.  The  A711  was  used 
for  development  and  testing  in  the  laboratory  and  was 
later  lEistalled  at  airport  locations  in  tb^  prototype 
EDS. 

Reliability  of  the  accelerator  was  found  to  be 
unsatisfactory  due  to  failure  of  the  sealed  accelerator 
tubes.  The  accelerator  was  operatod  nsar  majiimum 
voltage  and  beam  current  in  order  to  obtain  the 
requioKl  neutron  output.  The  neutron  yield  dropped 
considerably  in  some  tubes  in  re',  lively  short  periods 
of  time. 

Explosive  defection  perfojn'.  mcc  of  the  EDS  with  the 
Kaman  generator  was  tesUd  at  San  Francisco  and  Los 
Angeles  airports  on  passenger  baggage  and  at  San 
Francisco  on  air  cargo.  Probability  of  detection, 
probability  of  false  alarm  and  throughput  goals  were 
met. 

The  uselul  life  of  the  tul^  varied  con.siderably  but 
was  generally  about  250  hours  of  continuous  full 
output  operation. 


4.2  National  Electrostatic  Corporation  Model  3SH 
Accelerator 

The  National  Electrostatic  Corporation  (NEC)  Model 
3SH  accelerator  was  installed  and  tested  in  the  EDS 
prototype  previously  used  with  the  Kaman.  A  thick, 
solid  beryllium  target  was  brazed  to  the  end  of  the 
beam  tube.  Figure  5  shows  the  schematic  diagram  of 
the  NEC  accelerator  mounted  on  the  EDS.  The 
Model  3SH  is  contained  in  a  sealed  tank  filled  with 
SF,i  to  insulate  the  ion  source,  accelerator  column, 
and  pellet-chain  high  voltage  charging  system. 

During  initial  installation  and  testing  of  the 
accelerator  some  minor  modification  and  ^pairs  were 
necessary  but  all  of  the  problems  were  lesolved 
within  the  first  2000  hours  of  operation  and  the  total 
time  required  tor  the  iriodiiications  and  repairs  was 
afoout  4  days. 

Operation  of  the  accelerator  was  fairly  simple  and 
required  an  operator  at  a  laboratory  technician  level 
with  an  understanding  of  accelerator  maintenance. 
The  stability  of  the  neutron  output  was  excellent  and 
did  not  require  modifications  to  the  control  system  as 
did  the  Kaman  unit.  Other  than  minor  adjustments  of 
the  corona  probe  used  for  voltage  regulation,  the 
NEC  accelerator  has  been  operated  continuously  with 
no  major  faults  or  maintenance  required  for  a  period 
of  10,000  hours.  At  the  time  tliat  this  report  was 
written  the  neutron  generator  had  been  nm  for  12,649 
hours.  The  NEC  Model  3SH  pelletron  has  proven  to 
be  a  reliable,  safe,  and  economical  neutron  generator. 

5.  EXPLOSIVE  DETECTION  PERFORMANCE 
OF  NEC  ACCELERATOR  BASED  EDS 

A  large  number  of  bags  must  bo  run  through  the 
system  in  order  to  establish  its  performance  with 
statistical  validity.  This  proc&ts  is  very  time 
consuming.  Therefore,  a  simpler  technique  for 
estimating  the  performance  from  a  smaller  number  of 
mea<MireiTicnt.s  was  desired.  Thi.s  simpler  technique 
involves  measuring  Ion  standard  bag.s  with  and 
without  3xplo.sives.  For  convenience  reasons, 
explosive  simulant.s  wore  used  in  place  of  actual 
explosives.  The  bags  wore  chosen  to  cover  the  full 
range,  as  mea.surod  hy  the  nitrogen  content  and  flux 
atxsorptiun,  of  actual  suitcases  encountered  in 
airports.  Tlia  EDS  computer  makes  explosive 
detection  decisions  by  discriminant  analysis  (2]  of 
features  which  are  a  mathematical  combination  of  the 
detector  counts  measured  by  the  system.  The 
distance  between  the  centers  of  the  two  clusters  (with 
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aud  without  explosives)  in  feature  space  can  be  used 
to  predict  the  performance  and  compare  different 
EDS  systems. 

To  compare  between  systems  on  a  common  ground, 
the  same  set  of  ten  bags  are  used  repeatedly,  and  the 
five  best  features  are  deduced  by  the  stepwise 
discriminant  procedure.  Since  the  ten  bags  are 
chosen  to  rq)resent  the  extremes  of  the  distribution  of 
passenger  bags,  there  is  a  high  correlation  of  the 
distance  between  the  two  clusters  as  measured  by  the 
ten  bags  with  the  detection  and  the  false  alarm  rates 
measured  on  the  more  numerous  passenger  bags. 
The  ss:paration  is  calculated  from  the  means  for  the 
two  clusters  in  units  of  the  standard  deviation  of  the 
points  about  the  mean.  This  measure  of  squration, 
also  known  as  the  Mahalanobis  distance  D,  is 
computed  by  SAS  [3]  procedure  DISCRIM.  Its 
formula  is  as  follows: 

«  (X,  -  X/  COV  '(X,  -  X,) 

where  the  i  and  j  refer  to  two  clusters,  X  is  the  mean 
vector  for  the  cluster,  and  COV'*  is  the  inverse  of  the 
covariance  matrix  between  the  clusters.  The 
calculated  Mahalanobis  distance  showed  that  the 
performance  of  the  NBC  accelerator  based  EDS  was 
comparable  to  that  of  the  caiifomium-based  TNA 
units. 

One  of  the  advantages  of  an  electronic  neutron 
generator  is  its  ability  to  produce  variable  neutron 
output  by  the  a((justment  of  its  beam  current.  This 
unique  feature  was  exploited,  and  the  detector 
performances  were  compared  at  three  different  beam 
currents,  namely  2  (lA,  S  pA,  and  10  (lA.  The 
detector  performance  is  measured  in  terms  of  its 
figure  of  merit  (FOM),  which  is  defined  as 


where  S  represents  count  rate  due  to  the  source  alone 
without  background  and  B  represents  the  count  rate 
due  to  background.  The  FOM  measures  the  ratio  of 
signal  to  statistical  background  in  terms  of  the 
number  of  (counting  statistics)  standard  deviations. 
This  measure  is  especially  important  in  EDS  because 
of  its  short  measurement  time.  The  signal  of  interest, 
is  the  10.8  MeV  y-ray  fiom  the  thermal  neutron 
capture  in  nitrogen.  For  the  FOM  calculations,  a 
wide  region  including  the  full-energy,  single  and 
double  escape  peaks  was  used.  Figure  6  shows  the 


pulse  height  spectrum  acquired  at  the  three  beam 
currents  and  their  respective  FOMs.  It  is  evident  that 
the  FOM  increases  with  neutron  ouq>ut  in  fiiis  t«nge. 
As  count  rate  inc'eases  further,  the  background 
increases  and  FOM  deteriorates  above  an  optimal 
point. 

6.  CONCLUSION 

Experience  with  the  prototype  ENG-EDS  has  shown 
that  an  operationai  airport  ^ggage  inspection  system 
based  on  an  electronic  neutron  generator  can  be  built 
and  would  be  a  practical  and  effective  alternative  to 
a  system  employing  radioactive  materials. 
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TOTAL  NEUTRON  YIELD  (n/;i.a-sec) 


Figure  1  Neutron  Yields  •  (d^)  and  (a»N)  Reactions 
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RELATIVE  INTENSITY 


Figure  2  Neutron  Spectra  th)m  Reaction  •  Low  Energy 
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Figura  3  NeutiOB  Yield  from  TUck  Target 
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Fig:Dre  5  NEC  Accelerator  integrated  with  protoQrpe  EDS. 
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ASSOCIATED  PARTICLE  IMAGING 
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1.  INTRODUCTION 

An  associated  particle  imaging  (API)  system  has  been 
built  and  some  first  images  recorded.  These  images 
are  presented  in  this  paper.  Design  of  the  system  has 
been  reported  previously'. 

Associated  particle  imaging  uses  the  direction  and 
time  correlations  between  fest  (14  MeV)  neutrons  and 
alpha  particles  produced  in  a  small  accelerator  via  the 
deuterium-tritium  reaction.  Detection  of  the  alpha 
particle  with  a  position-sensitivedetector  provides  tlm 
direction  of  flight  and  time  of  emission  of  the 
associated  neutron.  The  neutron  may  then  interact 
(most  probably  scatter  inetastically)  with  the  target 
nucleus  to  produce  a  gamma  ray  whose  energy  is 
characteristic  of  the  target  material.  The  time-of- 
detection  of  the  gamma  ray  gives  the  neutron 
interaction  time  and  is  used  to  locate  the  neutron- 
nucleus  interaction  and,  hence,  the  target  material, 
while  measurement  of  the  gamma-ray  energy 
identifies  the  elemental  composition  of  the  target.  The 
system  is  information  rich,  since  it  can  use  the 
geometric  and  elemental  data  recorded  with  each 
event  to  generate  real-time,  fully  manipulable,  three- 
dimensiouai  imag^  of  identified  materials.  API 
permits  single-sided,  noo-intrusive  inspection  of  the 
internal  contents  of  sealed  packages  and  containers, 
and  will  image  all  elements  except  hydrogen  and 
helium.  The  technique  images  14  MeV  neutroo 
interactions  in  the  material  of  interest. 

The  associated  particle  T(d,n)*He  technique  as  a 
means  of  *electronic  coliimation*^  has  been  used  for 
40  years’  with  many  examples  of  its  U3e\  C.  W. 
Peters,  e(  al’  constructed  a  proof-of-concept  imaging 
system.  Groups  at  LANL^’  and  ANL*  have  also  been 
workiitg  with  the  technique. 

1  COMPONENTS  OF  THE  SYSTEM 

The  associated  particle  imaging  system  consists  of 
several  components.  Neutrons  are  produced  in  the 
aealod-tube  neutron  generator  (STNO).  The  STNG 


tube  also  records  the  al|dia  particle  associated  with 
each  neutron  >»hich  defines  die  time  of  creation  and 
direction  of  flight  for  each  neutron.  A  sample  to  be 
imaged  is  placed  in  front  of  the  STNO  tube  (opposite 
the  alpha  detector)  and  neutrons  are  allowed  to 
interact  widi  it.  Gamma  rays  characteristic  of  each 
interaction  are  counted  by  gamma-ray  detectors 
viewing  the  sample.  A  computer  is  then  used  to 
process  these  complex  position,  energy,  and  timing 
data  for  preseoiation  to  a  user  in  an  intelligible  form. 

The  design  and  manufacture  of  the  prototype  sealed- 
tube  neutron  generator  (STNO)  encompasses  five 
separate  tasks:  ion  source  studies;  electrode  geometry 
design,  including  beam  optics  computer  studies;  alpha 
particle  detector  studies;  high  voltage  power  supply 
(HVPS)  design;  and  selection  of  an  appropriate 
fabrication  site.  All  of  these  are  now  complete.  Tbn 
design  lifetime  goal  for  the  STNG  tube  when  used  in 
API  applications  has  been  set  at  1000  hours,  with 
every  expectation  that  this  figure  will  be  exceeded. 

Five  STNOs  have  been  manufactured.  The  first  four 
have  been  used  for  beam  optics  studies,  while  the 
fifth  tube  is  now  generating  neutrons.  As  of  the  time 
of  this  writing,  (hat  tube  will  have  been  c^ienting  for 
more  than  700  houn  (u  of  lO/lS/91;  see  above),  at 
a  continuous  neutron  flux  of  2  X  10*  tJa,  a  rate 
(hat  is  limited  by  (he  performance  of  the  existing 
alpha  particle  electronics.  The  lube  is  operated  at  an 
M  75  k  V  acceleration  and  ^  1 . 4  u A  current  on  target. 
Designed  for  direct  beam  observations  and  for  ease 
in  making  modifications,  the  beam  of^cs  lubes  were 
manufactured  with  a  glass  envelope,  a  clear  glass 
view  port,  a  fluorescing  glass  target,  and  a  removable 
conflate  flange  assembly.  Tbo  fifth  tube  is  similar  to 
the  first  four,  using  the  same  glass  envelope  and 
flange  assembly.  However,  in  order  to  generate 
neutrons  and  detect  the  associated  alpha  particles,  the 
glass  target  was  replaced  vvith  a  target  containing 
tritium  and  the  clear  glass  view  port  was  replaced 
with  an  alpha  detector. 


160 


The  ion  source,  a  Penning  cell  which  operates  on 
ambient  gas  in  the  tube,  is  one  whose  design  has  long 
been  used  in  commercial  tubes’.  The  first  tube  was 
used  primarily  to  characterize  the  performance  of  the 
ion  source.  The  relationship  between  ion  source 
current,  ion  source  (tube)  gas  pressure,  and  ion 
source  voltage  was  studied.  This  was  important  to 
understand  the  mode  switch  point  in  the  ion  source 
between  modes  I  and  III.  For  a  discussion  of  mode 
switching  in  ion  sources,  reference  is  again  made  to 
the  discussions  by  Hooper”.  For  the  low  target 
currents  appropriate  to  API,  these  tubes  will  be 
operated  well  below  the  switching  point,  where  the 
ion  source  current  is  low,  and  the  pressure  versus 
current  slope  is  positive  for  good  feedback  control. 

A  unique  aspect  of  the  API  STNG  tube  is  the 
requirement  for  a  tightly  focused  beam.  Most 
STNG’s  intentionally  defocus  the  beam  to  avoid 
target  heating  problems.  STNGs  2-4  were  used 
primarily  to  measure  beam  spot  parameters  including 
those  controlling  beam  current  and  beam  focus.  The 
results  confirmed  the  computer  studies',  showing  that 
the  focal  plane  is  adjustable  through  a  distance 
ranging  from  before  the  target  to  well  beyond  it,  that 
the  beam  is  cylindrical  in  cross  section  and,  when 
focused  on  the  target,  has  a  diameter  of 
approximately  0.3  mm,  a  measure  that  exceeds 
expectations  I  nun)  for  the  first  tube,  and  is 
acceptable  for  API  applications.  The  measurements 
also  define  the  focus  voltage  a.s  a  function  of 
acceleration  voltage  for  smallest  beam  spot. 

For  this  work  a  3*  x  3*  BaF,  detector  has  been  used. 
It  provides  good  detection  efficiency,  good  timing, 
and  moderate  energy  resolution  at  rcasotuble  cost.  It 
would  be  desirable  to  have  a  huge  array  of  high- 
resolution  Oe  detectors  in  addition  to  scintillators,  but 
they  are  expensive  and  timing  is  poor.  Any  final  API 
system  will  probably  comprise  several  detector  types, 
all  working  in  concert. 

Two  main  factors  influence  (he  lateral  position 
resolution  of  the  system,  and  both  relate  to  the 
precision  of  the  measurement  of  the  alpha-particle 
direction.  The  first  of  these  is  the  size  of  the  ion 
beam  spot  on  the  target  and  the  second  is  the  position 
resolution  of  the  alpha  detector.  The  extent  to  which 
the  precise  locations  of  the  origin  of  the  alpha  particle 
and  its  impact  on  the  detector  are  undetermined 
contributes  to  an  uncertainty  in  the  direction  of  the 
neutron.  This  uncertainty  defines  the  minimum 
resolvable  angle  between  sample  features. 


One  of  the  count-rate  limitations  of  any  timing 
technique  is  the  need  to  limit  random  coincidences. 
API  is  no  different  in  this  re^)ect.  The  technique 
tracks  an  individual  neutron  to  an  interactioa  site  and 
then  a  gamma-ray  from  the  interaction  site  to  a 
gamma-ray  detector.  If  two  neutrons  are  produced  in 
a  coincidence  window,  the  system  has  no  way  to 
know  which  neutnm  produced  the  gamma  ray. 
Therefore,  the  neutron  production  rate  must  be  kept 
low  enough  so  that  the  interactimis  do  not  interfere. 
In  the  case  of  the  API  system,  to  image  objects  out  to 
2  meters,  the  longest  flight  times  are  about  SO  nsec. 
This  corresponds  to  a  frequency  of  20  MHz.  Smee 
the  neutrons  are  produced  by  a  random  process, 
rather  than  at  fixed  intervals,  the  rate  must  be  kept 
low  enough  to  avoid  these  random  coincidences.  A 
factor  of  about  10  lower  in  average  rate  will  yield 
about  a  10%  random  coincidence  rate.  Thus  the  API 
system  is  limited  theoretically  to  about  2x10’  neutrrms 
produced  traveling  in  the  direction  of  the  target.  If 
the  neutron  production  rate  is  pushed  much  highw 
than  this  little  is  gained,  because  data  are  confused 
due  to  random  coincidence  events.  This  it  a 
fimdamental  limitation  on  API  count  rate  and  it  is  the 
price  that  is  paid  for  the  4-dimensional  infonnatioa 
the  technique  provides. 

3.  IMAGES 

The  images  we  have  taken  with  the  API  system  thus 
far  have  all  been  obtained  with  roughly  the  same 
operating  parameters.  The  beam  current  in  the  system 
has  been  limited  to  about  1. 1-1.5  pA  beam  current  on 
target.  This  produces  3000-6(XX)  o-particles/sec  in  the 
alpha  detector.  We  are  currently  using  a  1  /tsec  pulse 
shaping  time  in  the  a  detector,  so  rate  must  be 
kept  low  to  avoid  pile  up.  Above  abmit  7000  epa  a 
pile-up  ‘phantom*  begins  to  appear  in  the  middle  of 
the  image.  This  rate  limitation  is  imposed  by  the 
existing  alpha-detector  electronics.  Our  calculation 
indicates  that  this  corresponds  to  a  neutron  productioa 
rate  of  .k.  lO’  n/sec.  There  is  a  total  gamma-count 
rate  of  about  3,000  y/sec.  This  results  in  about  k 
coincidence-eveat/sec  (depending  of  course  ou  the- 
mass  of  the  target).  The  coincidence  window  is  <70 
nsec  for  the  coincidence  between  alpha  and  gamma. 
The  gamma-detector  is  a  3'  x  3*  BaFj  scintillator.  It 
is  located  about  90*  from  the  beam  axis,  just  out  of 
the  direct  flux  of  the  neutron  beam,  about  'A  meter 
from  the  center  of  the  target. 

We  have  taken  an  image  of  two  one  quart  cootainea; 
one  partially  filled  with  salt,  the  other  filled  with 
watei.  The  intent  of  this  measurement  was  to  test  the 
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ability  of  the  system  to  resolve  objects  spatially  as 
well  as  chemically. 

The  experimental  conitguration  is  shown  in  Figures 
1  and  2.  The  figures  show  the  arrangement  of  the 
two  containers  relative  to  the  origin.  The  containers 
are  8  cm  (X)  X  8  cm  (Y)  X  8  cm  (Z).  Also  indicated 
is  the  viewing  angle  of  the  STNG  (~13^),  and  the 
slightly  larger  viewing  angle  of  the  shield 
surrounding  the  STNG  (...*>17°).  The  position  of  the 
BaFj  gamma-ray  detector  is  indicated  in  the  top  view. 

Figures  3  and  4  are  shadowgram  images  of  the 
objects  obtained  by  integrating  out  the  energy 
dependence  and  one  of  the  spatial  dimensions.  Figure 
3  is  a  front  view.  This  is  the  view  of  the  objects  from 
the  location  of  the  STNG.  Figure  4  is  a  top  view. 
This  is  the  view,  from  above,  down  on  the  object. 
The  side  view  is  available  in  the  same  data  but  is  not 
presented. 

One  of  the  great  virtues  of  the  API  system  is  the  3- 
dimensional  imaging  capability.  Conventional 
radiographs  are  shadowgraphs  of  data,  with  one  of 
the  spatial  dimensions  integrated  out  by  the  nature  of 
the  technique.  The  presentations  in  this  paper  are 
necessarily  two-dinri-Ki.-srswi,  but  this  is  a  limitation  of 
the  medium  rather  than  a  limitation  of  API.  In  this 
section  we  will  go  through  a  slicing  up  process  of  the 
data  to  demonstrate  the  power  of  this  spatial  isolation. 
All  of  the  data  in  this  paper  are  different  views  of  the 
same  4-D  image. 

Figure  5  shows  the  Z  distribution  of  all  events, 
regardless  of  their  X-Y-E  value.  The  salt  can  be  seen 
near  Z  =  70,  and  the  water,  near  Z  =  90.  The 
largest  peak  near  Z  ~  O  is  from  the  shielding  and 
warrants  some  discussion  later. 

The  depth  (Z)  data  can  be  used  to  isolate  objects  of 
interest.  In  order  to  spatially  isolate  either  the  water 
or  the  salt,  the  data  can  be  sliced  or  windowed  in  two 
coordmates  and  then  viewed  in  the  third.  The 
horizontal  (X)  distribution  of  all  events  (no  slicing)  is 
shown  in  Figure  6.  The  peak  at  X  =  10  cm  is  the 
water  and  the  peak  at  X  =  -7  cm  is  the  salt.  Figure 
7  shows  the  X  distribution  of  the  water  after  being 
windowed  in  Y  and  Z.  Now  the  water  is  the 
dominant  peak  at  x  —  +  10  cm.  The  salt  data  are  still 
present,  although  much  reduced,  because  the  objects 
overlap  in  Y  and  the  timing  dees  not  completely 
separate  the  Z.  The  large  overall  background,  which 
is  due  to  the  large  peak  near  Z  ==  O  in  Figure  5  is 
much  reduced. 


API  imaging  provides  isotopic  information  via  the 
spectra  produced  by  neutron  induced  gamma  rays.  A 
3"  X  3"  BaFi  scintillator  detects  gamma-rays  to 
provide  timing  and  energy  resolution.  The  energy 
resolution  of  this  detector  is  about  3.S  %  at  6. 13  Mev. 

Energy  spectral  peaks  from  Na  and  Cl  are  expected 
in  the  salt.  Spectral  lines  from  O  are  expected  in  the 
water  since  hydrogen  has  no  fast-neutron  gamma-ray 
lines.  Figure  8  shows  the  entire  energy  spectrum  for 
the  arrangement  of  Figures  1  and  2.  The  most 
prominent  lines  are  those  due  to  hydrogen  thermal 
neutron  capture,  (H(n,h^,y)D)  at  2.22  Mev,  and 
carbon  (“C(nf^,  n’)‘^)  at  4.43  Mev  (escape  triplet 
peaks).  Oxygen  lines  are  barely  visible  as  6.13  Mev 
(escape  triplet  peaks).  Major  lines  are  identified  in 
Figure  8. 

The  major  lines  in  this  spectrum  are  due  to  hydrogen 
and  carbon  which  are  constituents  of  the  shield,  not 
the  targets.  Hydrogen  capture  is  not  prompt,  since  the 
neutrons  must  undergo  many  collisions  before  they 
slow  down  enough  for  this  reaction  to  take  place. 
Upon  examination  of  the  following  energy  spectra, 
note  that  the  hydrogen-capture  line  is  gone.  It  does 
not  appear  in  any  of  the  spatially  correlated  slices 
because  it  is  a  general  random-coincidence  "fog* 
throughout  the  picture. 

Figure  9  is  the  spectrum  due  to  tl'e  Z  =  0  peak  of 
Figure  5.  The  prominent  peaks  correspond  to  carbon 
(4.43  Mev  and  escapes).  These  gamma-rays  are  time- 
correlated  fast-neutron  capture  peaks  from  the  shield. 
The  shield  is  out  of  the  direct  path  of  coincident 
neutrons.  This  interaction  must  be  a  multiple¬ 
scattering  effect,  where  the  STNG  itself  scatters 
neutrons  out  of  the  exit  cone  of  the  shield.  The  shield 
is  very  massive.  It  is  about  1000  times  more  massive 
than  the  target  so  that  a  snull  diveNed  neutron  flux 
will  cause  a  huge  effect. 

Figure  10  is  the  energy  spectrum  resulting  from 
spatially  isolating  the  water.  Although  the  count  rate 
is  low,  the  gamma  ray  lines  due  to  oxygen 
predominate.  The  low  count  rate  may  be  attributed  to 
the  degraded  efficiency  of  the  BaF}  at  higher 
energies.  Despite  this,  the  gamma-rays  from  other 
objects  are  greatly  suppressed  (compare  to  Figure  8). 
The  hydrogen  capture  at  2.22  MeV  is  gone.  The 
carbon  4.43  MeV  gamma-ray  peak  which  would  fill 
in  the  valley  between  the  two  oxygen  groups  is  not 
present. 
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Figure  1 1  is  the  energy  spectrum  of  the  salt  region. 
Both  Cl  and  Na  have  many  low  energy  lines.  These 
lines  show  a  correspondence  to  the  peaks  in  the 
spectra.  Note  that  the  line  at  2.2  MeV  is  present  in 
tUs  spectrum  but  not  in  the  water.  This  is  the  Cl  2. 19 
MeV  gamms-ray  which  is  swamped  by  the  2000 
pound  shield  until  the  salt  is  qudially  isolated. 

4.  DISCUSSION 

An  associated  particle  imaging  system  has  been  built. 
Preliminary  images  v^ch  have  been  recorded  show 
clearly  the  objects  being  imaged.  Analysis  of  the  data 
reveals  elemental  information  for  two  real  objects  and 
one  phantom  caused  by  shielding  required  for 
radiological  safety  reasons.  A  duplicate  itmge  has 
been  taken  through  1/4*  of  steel  M^ch  shows  similar 
character  to  the  image  presented  but  is  not  presented 
in  this  paper  due  to  space  limitations,  as  the  analysis 
requires  more  stqrs. 

Although  quantitative  system  parameters  have  not  yet 
been  measured,  the  system  resolving  power  is  on  the 
order  of  a  few  centimeters  in  any  direction.  The 
imaging  seems  to  offer  great  promise  as  a 
background  interference  technique,  as  well  as  in  its 
own  right,  in  that  interference  from  a  massive  shield 
can  be  eliminated.  Weak  gamma-ray  signals  can  be 
enhanced  by  spatial  isolation.  The  count  rate  is  lo'" 
but  we  expect  almost  a  factor  of  100  in  neutron  flux 
increase  once  certain  electronics  problems  are  dealt 
with,  and  more  detectors  can  be  added  to  increase 
count  rate.  We  expect  a  factor  of  1000-10,000  faster 
count  rate  in  a  production  system^ 
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figure  1  Top  view  of  the  salt  and  water  image  configuration. 
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Figure  2  Side  view  schematic  of  target  arrangement  for  salt  and  water  image 
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Figure  3  Front  view  (X'"-Yt)  shadowgram  image  of  the  salt  and  water, 
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Counts 


Figure  S  Depth  (Z)  distribution  of  all  counts  in  the  salt  and  water  image. 


Figure  6  Horizontal  (X)  distribution  of  events  for  the  entire  field  of  view  for  the  salt  and 
water  data. 
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Figure  7  Horizontal  (X)  distribution  of  events  (for  Z  and  Y  corresponding  to  the  water) 
only  for  the  salt  and  water  image  data. 
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Figure  8  Energy  spectrum  of  the  entire  field  of  view  for  the  salt  and  water  image. 
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Figure  10  Energy  spectrum  of  the  spatial  region  corresponding  to  the  water. 
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Figure  11  Energy  spectrum  of  the  spatial  region  corresponding  to  the  salt. 
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ACCELERATORS 


THERFQLINAC:  A  fflGH-CURRENT  COMPACT 
ION  ACCELERATOR  FOR  EXPLOSIVE  DETECTION 


Robert  W.  Ibtnm 
AccSys  Technology,  Inc. 

1 177-A  Quarry  Lane 
Pleasanton,  Cdifomia  94S66 


1.  BACKGROUND 

The  linear  accelerator  (iinac)  has  been  the  accelerator 
of  choice  for  generating  high-current,  high-energy  ion 
beams  since  its  invention  by  Alvarez  in  1934. 
However,  prior  to  the  demonstntioa  of  the  RFQ  linac 
in  1980  by  Los  Alamos  National  Laboratory  [Stovall], 
ion  linacs  were  very  large  accelerators  used  primarily 
at  high-energy  physics  research  facilities.  The 
successful  operation  at  Los  Alanxis  of  a  compact 
version  of  this  unique  new  device,  first  proposed  in 
1970  by  Kapchiusldi  and  Teplyakov  [Kapchinskii]  and 
demonstrated  in  the  Soviet  Union  in  1974  [Golosai], 
immediately  made  it  obvious  that  the  RFQ  would  be 
a  useful  tool  for  the  generation  of  high-current  ion 
beams  for  many  practical  iq>plications.  An  intense 
development  program  was  begun  at  a  number  of 
accelerator  laboratories  worldwide  after  the  U.S. 
activities  were  published,  resulting  in  widespread 
acceptance  and  use  of  the  RFQ  linac  for  research 
applications.  By  1986,  it  was  reported  [Staples]  that 
more  than  SO  RFQ  accelerators  were  in  various  stages 
of  development  and  that  conunercial  development  of 
these  structures  had  been  initiated  by  AccSys 
Technology,  Inc.  At  the  present  time,  at  least  five 
companies  worldwide  now  offer  RFQ  linacs,  and 
laboratories  in  at  least  ten  countries  are  developing 
new  versions.  In  addition  to  its  continued  use  in 
physics  research,  mostly  as  an  iiyector  for  high-eoergy 
physics  accelerators,  the  RFQ  is  now  being  developed 
for  several  industrial  and  medical  applications  other 
than  explosive  detection.  These  include  particle-beam 
cancer  therapy,  isotope  production,  ion  implantation, 
and  neutron  activation  and  radiogra{^y.  Many  other 
practical  applications  requiring  intense,  energetic  ion 
beams  are  e.xpectod  to  benefit  from  the  use  of  this 
powerful  but  simple-to-operate  accelerator. 

2.  RFQ  DESCRIPTION 

The  RFQ,  which  has  been  thoroughly  described  ami 
reviewed  during  the  past  decade  by  several  authors 
[Klein;  Schriber;  Stokes],  is  essentially  an  rf-drivot 


quadrupole-focusing  chaimel  consisting  of  four 
electro^  that  have  been  modulated,  as  seen  in 
Fig.  1,  to  provide  not  only  a  radial  focusing  field  but 
also  an  axial  accelerating  potential.  The  axial  field 
component  is  adiabatically  turned  <xi  by  a  careful 
tailming  of  the  electrode  pde  tips  [Crandall]  to  enable 
the  RFQ  to  capture  almost  entirely  a  low-energy  dc 
ion  beam  that  is  injected  into  it.  Several  successful 
techniques  have  been  developed  for  the  tailoring  of  the 
modulations  to  capture  the  ion  beam  in  the  rf 
acceleration  "buckets*  of  the  structure,  depending  on 
the  ion  beam  current  and  ion  specie  being  accelerated 
[Yamada;  Oough].  Once  the  injected  ions  have  been 
captured,  the  vane  modulations  are  used  to 
simultaneously  focus  and  accelerate  the  beam  to  its 
final  energy  of  a  few  MeV.  The  RFQ  linac  becomes 
inefficiwt  beyond  these  energies,  so  if  higher  energies 
are  required,  the  beam  from  the  RFQ  is  usually 
iqjected  into  the  conventional  linac  structures  used  for 
many  decades. 

The  uniqueness  of  the  RFQ  linac  is  its  simplicity. 
Following  a  very  sof^sticated  design  and  fabrication 
procedure,  this  accelerator  can  provide  simultaneous 
bunching,  focusing,  and  acceleration  of  a  high- 
current,  low-energy  ion  beam  injected  into  it  through 
the  use  of  only  the  electric  fields  created  by  rf  power 
coupled  into  the  structure.  HeiKe,  no  large  high 
voltages  are  required  in  the  system;  no  large  magn^ 
are  needed  to  focus  or  contain  the  ion  beam;  and  only 
one  parameter  (rf  input  power)  is  atyusted  to  operate 
the  device. 

Within  the  constraint  imposed  by  sparking  of  the  high 
voltage  applied  between  the  neighboring  vane  tips 
(usually  30-100  kV),  (be  RFQ  can  be  designed  with 
great  flexibility  in  its  input  energy,  vane  undulation, 
and  vane-tip  bore  diameter  to  accommodate  a  wide 
range  of  beam  currents,  from  a  few  microamperes  tc 
as  much  as  several  hundred  milliamperes.  Tlw  ouqait 
beam  prr^wtties  (output  phase  space  and  beam 
transmission)  can  also  be  traded  against  the  required 
RFQ  vane  length  sod  input  rf  power.  A  wide  range  of 
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operating  frequencies  (10  MHz  to  1  GHz)  can  be  used 
for  the  RFQ,  depending  on  the  mass  of  the  ions  to  be 
accelerated,  the  desired  size  of  the  RFQ,  and  other 
physical  constraints.  Higher  frequency  RFQs 
( >  200  MHz)  are  usually  implemented  as  vane-loaded 
resonant  cavities  (Fig.  lb),  while  lower  operating 
frequencies  are  employed  with  resonant  circuit 
geometries,  the  "four  rod"  approach  (Fig.  la). 

It  is  this  flexibility  in  the  design  and  in^ilementation  of 
the  RFQ  iinac  that  makes  it  an  ideal  accelerator  for 
several  proposed  nuclear  techniques  in  explosive 
detection.  Coupled  with  its  proven  reliability  and 
simple,  reproducible  operation,  the  high-current 
capability  and  compact  size  of  the  RFQ  also  make  it 
the  most  practical  accelerator  for  deployment  of  these 
systems  m  airports.  It  can  be  designed  for  the 
production  of  neutrons  or  gamma  radiation,  both  of 
which  can  be  used  for  explosive  detection. 

3.  APPLICATIONS  IN 
EXPLOSIVE  DETECTION 

The  applicability  of  the  RFQ  linac  in  explosive 
detection  covers  several  of  the  nuclear  detection 
techniques  described  by  Grodzins  (Grridzinsj, 
including  thermal  neutron  activation  (TNA),  nuclear 
resonance  absorption  (NRA),  neutron  elastic  .scattering 
(NES),  neutron  attenuation  transmission  anaty.s;s,  and 
pulsed  fast-neutron  activatiott  (PFNA).  The  flexibility 
of  the  RFQ  as  a  neutron  generator  allows  it  to  he  used 
to  generate  either  fast  or  thermal  neutroas.  A  wide 
selection  of  targets  and  bombarding  particie.s, 
energies,  and  currents  allows  the  cxplo.sivc-del«ction 
system  designer  a  wide  range  of  neutron  flux  and 
neutron  spectra.  Fig.  2  shows  the  most  conunon 
neutron-producing  reactions  that  are  available  u.sing 
the  RFQ  Iinac,  along  with  the  yields  and  threshold  for 
each.  For  compan-son,  the  reported  yields  for 
commercial  .sealod-tubo  neutron  generators  i.s  included 
in  this  figure.  The  output  neutron  spectra  from  tho,so 
reactions  vary  greatly  in  both  energy  and  .spatial 
distribution,  allowing  one  to  choo.se  the  appropriate 
reaction  for  a  given  application.  Monocncrgctic 
neutrons  can  even  be  produced  by  u.sing  the  RFQ  to 
bombard  a  ttitialod  target  with  deuloron.s  at  .several 
hundred  keV  energy  or  by  bombarding  other  lafgcl.s 
such  as  vanadium  or  scandium  with  high-energy 
pi'otoos. 

Very  compact  neutron  soufcc.s  producing  a  continuum 
of  neutron  er>ergie.s  are  available  using  the  Bc(d,n) 
reaclioo,  since  the  negative  Q  value  of  thi.s  reaction 
also  allows  low  bombarding  energies.  These  compact 


systems  can  be  used  with  a  modest-size  moderator  to 
produce  thermal  neutrons  because  the  high-quality 
beam  from  the  RFQ  can  be  transported  tlirough  a 
small  beam  tube  to  a  target  located  in.side  the 
moderator.  Primary  neutrons  with  much  lower 
energies  than  those  in  the  Be(d,n)  reaction  can  be 
produced  using  the  Li(p,n)  or  Be(p,n)  reactions,  but 
the  input  icn  energy  must  be  higher,  making  the 
accelerators  somewhat  larger.  A  4.0  MeV  proton 
RFQ  Iinac  capable  of  delivering  1  mA  average  current 
is  currently  being  assembled  by  AceSys  for  use  as  a 
neutron  source  for  thermal  neutron  radiography.' 
This  transportable  system  is  expected  to  produce  more 
than  10'^  neutrons/second  with  energies  of  up  to  only 
2  MeV. 

As  proposed  by  Schempp  {Schempp],  the  RFQ  can  be 
configured  with  multiple  acceleration  stages,  each 
operating  at  a  different  frequency,  in  order  to  produce 
intense,  short  beam  pulses  of  ions  separated  by  long 
periods.  These  ion  beam  pulses  can  then  be  used  to 
produce  pulsed  fast-neutron  bursts  for  PFNA  analysis, 
NES,  or  pulsed  neutron  absorption  analysis.  For 
example,  an  RFQ  with  three  sections  operating  at 
frequencies  of  240/320/340  MHz  would  prtxluce  a 
beam  structure  with  pulses  of  less  than  O.S  nscc  width 
at  intervals  of  50  n.scc.  with  an  intensity  reduction  of 
only  15  from  the  injected  dc  beam  current. 

In  contrast,  the  RFQ  linac  con  also  bo  ased  to  produce 
gaiiuna  rays  to  detect  cxplo.si\  *s  using  the  gamma-ray 
resonance  absorption  technique.  The  RFQ  can  ca.sily 
accelerate  the  1.7476  MeV  prt)lons  roquirexl  for  this 
technique  at  average  currents  of  several  miltiampere.s, 
and  it  ba.s  a  minimal  pba.se  .space  growth  in  the 
injected  ion  beam  if  designed  properly.  Since  the 
RFQ  can  utilize  an  H'  iKara,  very  low  phase  space 
ion  sources  such  as  the  duoplasmalron  are  available 
for  thi.s  application.  Although  the  RFQ  Iinac  docs  not 
have  an  intriasically  low  output  beam  energy  .spread, 
due  to  the  fact  that  it  i.s  on  rf  accelerator  with  a  pulsed 
beam  structure,  the  output  Ikeam  can  bo  de-hunched  in 
a  separate  rf  cavity  to  reduce  the  beam  spread 
.significantly,  with  little  los.s  in  iclcosity. 

4.  RFQ  TECHNOLOGY  STATUS  FOR  EDS 

Several  RFQ  linac  sy.slcias  pertinent  to  the  detection 
of  cxplo,sivc.s  arc  currently  Ixung  fabricated  or  tasted 
by  AceSys  Technology,  Inc.,  the  leading  commercial 
.supplier  of  RFQ  linacs.  TTie.se  systems  include  the 
prototype  Mtxlel  DL-1  RFQ  linac  .system  .shown  in 
Fig.  3.  which  was  developed  for  the  FAA  under  on 
SOIR  contracF  as  an  eioclrically-driven  neutron  source 


for  TNA.  'Fhis  compact  RFQ  linac  is  only  70  cm  in 
length  and  produces  a  900  keV  deuterium  beam  at  a 
maximum  current  of  more  than  100  /iA.  The 
deuterium  beam  bombards  a  beryllium  target  attached 
at  the  end  of  a  22  cm  beam  pipe  to  produce  up  to  I  O'* 
neutrons/second.  These  neutrons  have  a  continuum  of 
energies  of  up  to  5  MeV,  witli  an  average  energy 
slightly  higher  than  that  of  the  neutrons  prvxluced  by 
Cf-252. 

A  cross-sectional  view  of  this  accelerator  is  shown  in 
Fig.  4,  revealing  the  duoplasmatron  ion  source  and 
electrostatic  einzel  lens  used  in  the  25  kV  injector,  and 
the  RFQ  resonator  located  within  the  vacuum 
chamber.  By  using  cryopumps  on  this  system  (one  for 
the  gas  load  from  the  ion  source  and  one  foi  the  RFQ 
.section),  the  accelerator  is  lightweight  and  free  from 
hydrocarbon  contamination.  It  also  has  no  restriction 
on  orientation,  allowing,  the  unit  to  be  used  either 
vertically  or  horizontally.  The  entire  system  is 
computer-controll«xl  and  can  be  operated  at  a 
repetition  rate  of  1500  Hz  with  a  duty  factor  of  0.0225 
to  prtxluce  a  quasi-continuous  thermal  neutron  flux. 
Preliminary  measurements  made  at  Gamma-Metrics’ 
in  a  prototype  TNA  system  with  a  ft-ssioo  chamber 
gated  50-1000  >isec  after  the  beam  pulse  indicated  that 
the  Model  DL-1  prototype  wa.s  producing  thermal 
nculroaH  in  this  particular  moderator  geometry 
ctjuivaleni  to  a  454  pg  Cf-252  source  (Hurwilz),  even 
though  the  bean,  current  on  target  wa,s  only  about 
60  pA.  No  roca-sureownts  have  hoeo  comjitctcd  on  the 
total  fast-neutioa  output  frcJl  the  beryllium  target. 

.An  even  smaller  version  of  this  compact  linac  neutron 
generator  has  been  designed.  The  Model  RFQ 
linac  ha.s  a  douteron  output  energy  of  500  keV  and 
producas  a  nuxitnum  neutron  flux  of  5x10* 
nculrt)ns/.s©cond.  This  smaller  .system  u.hc5  a 
600  MHz  RFQ  t!w>  opposed  to  425  MHz  in  the  Model 
DL-1),  reducing  its  diameter  from  30.5  cm  to  about 
22cm.  A  t.5-nw.tcr  high,  double-hay  electronics 
cabinet  houses  all  of  tlie  clcctn;  :  '  noutjujaml  roquuod 
to  power  and  operate  Ibis  system. 

Both  of  lltese  compact  linac  neutron  geociato:,-  were 
designed  to  replace  radioactive  Cf-252  sources,  which 
Ivave  inherent  safety  hazard.s  and  increasing  regulatory 
rcstncUoms,  as  well  a,s  sealed  D(d,n)  neutron 
generator  tulies.  which  have  shorter  Itfetunus  and 
lower  neutron  outjuiU. 

Another  exi.sUng  RFQ  linac  that  ha.s  potential  y.ics  in 
the  area  of  cxplo.sivc  detection  is  the  Model  PL-2 
proton  accelerator  system  shown  in  Fig.  5.  This 


standard  commercial  system,  of  which  seven  have 
been  sold,  has  a  maxinaun  proton  energy  of  2.0  MeV. 
Along  with  medical  and  beam  research  applications, 
it  is  also  being  used  as  a  neutron  geoenttor  for  nuclear 
waste  assay  [Karvineo]  and  as  a  gamma  ray  source  for 
high-energy  physics  detector  calibration  [Ma].  One 
system  is  currently  being  assembled  at  AceSys  to 
accelerate  protons  to  1.75  MeV,  with  the  standard 
Model  PL'2  resonator  length  of  1.6  m  used  to  obtain 
higher  beam  transmission,  lower  beam  emittance 
growth,  and  a  lower  energy  spread.  This  system  uses 
a  single-gap  cavity  placed  at  the  output  of  the  RFQ  to 
further  reduce  the  beam  energy  spread  to  a  final  value 
of  ±6  keV.  All  of  the  existing  Model  PL-2  RFQ 
linacs  produce  a  pulsed  output  current  of  up  to 
25  mA,  and  the  recent  systenis,  made  with  copper- 
plated  aluminum  RFQ  resonators,  can  operate  at  duty 
factors  of  0.25  using  appropriate  rf  power  sources. 

Finally,  recent  expenmental  data  [Delayen]  have 
revealed  that  a  superconducting  RFQ  geometry  has  the 
potential  for  yielding  a  high-current  continuous-wave 
(CW)  accelerator  that  is  very  compact.  AceSys,  in 
wilaboration  with  Argoone  Nati{«al  Laboratory  under 
an  SBIR  grant  spoasored  by  the  Department  of 
Energy,’  is  currently  designing  a  prototype 
gupercoftducting  RFQ  for  accelerating  high-current 
proton  beanvs.  Preliminary  design  results  reveal  that 
a  1 .75  MoV  RFQ  operating  with  a  current  of  10  uiA 
would  be  toss  than  1  meter  in  length  and  would 
require  only  l8kW  of  rf  power.  Further  beam 
dynamics  calculations  will  be  completed  during  the 
next  few  monlh-s,  along  with  the  mechanical  design  of 
a  prototype  resonator  to  be  tested  with  beam. 

5.  CONCLUSION 

lire  RFQ  linac  is  wcB-^itcxl  for  u.se  in  the  detection 
of  explarivcs.  As  a  proven,  conmorcially  available 
ion  accelerator,  the  RFQ  linac  has  no  equal  in  the 
generation  of  high-current,  high-quality  beams. 
flexibility  of  the  RFQ  and  the  implemenUtion  options 
available  enhance  its  ability  to  he  (bo  most  appropriate 
accelerator  available  for  several  of  the  proposed 
nuclear  detection  techniques.  Its  compact  size,  high 
current  capability,  and  ease  of  coloration  and 
maintenance  have  already  made  the  RFQ  (be 
accelerator  selected  for  several  new  systems  under 
development. 

Although  the  technology  is  now  well-e.stablishcd, 
development  of  the  RFQ  is  continuing  vigorously  at 
many  companies  and  research  laboratories  worldwide, 
lltese  new  technical  improvements,  coqdod  with  the 


commercial  availability  of  RFQ  systems,  should 
ensure  that  the  RFQ  will  remain  the  principal  tool  in 
these  applications. 
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Fig.  3  Prototype  Model  DL-1  RFQ  linac  neutron  generator 
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1.  INTRODUCTION 

Gamma(7)-ray  resonance  absorption  analysis  is  based 
on  the  preferential  absorption  of  9. 172  MeV  y-nys 
by  Nitrogen  14  (‘^),  which  occurs  at  higher  density 
in  explosives  than  in  almost  all  other  commou 
luggage  materials.  The  y-rays  are  generated  in 
carbon  foil  targets  by  the  proton  resonance  absorption 
‘^C  (p.y)  '*N,  as  shown  schematically  in  Figure  I. 

The  reaction  occurs  when  protons  irradiate  a  ‘^C  foil 
at  an  energy  of  1746.6±0.9  KeV.  The  width  of  the 
resonance  has  been  measured  to  be  1 35  ±  9  eV*.  Due 
to  the  center  of  mass  energy.  7-rays  at  an  angle  of 
80.8±lo  to  the  reaction  plane  have  the  precise 
energy  required  for  reabsorption  by  '^N  in  the 
luggage.  Imaging  of  the  nitrogen  den.sity  distribution 
in  the  luggage  results  from  normalization  with  other 
ofT-angle  high  energy  7*rays  to  detcrauno  the 
resonant  absorption  duo  to  '^N. 

This  paper  principally  addresses  the  physics  design, 
to  nominal  performance  criteria,  of  the  accelerator 
system  which  produces  the  1.76  MoV  proton  beam 
incident  on  the  '’C  target  system.  Electrical,  radio- 
frequency  (RF),  thermal,  vacuum  and  mechanical 
design  of  the  various  components  shown 
schematically  in  Figure  2,  have  also  been  performed. 
Target  and  resoiuuice  or  non-resonant  scintillator 
detector  issues  are  not  discussed  here. 

The  resonance  absorption  EDS  requires  that  the 
accelerator  meet  the  qualitative  performance  goats 
identified  in  Table  1 .  An  approach  to  .solving  these 
issues  is  identified  and  discussed  in  greater  detail 
below.  Some  specific  Table  1  requirements  depend 
00  details  of  the  target  system,  such  as  foil  thickness. 

2.  ION  SOURCE 

An  LBL  H*  multi-cusp  ion  source  has  boon  chosen 


because  of  the  excellent  characteristics  of  this  source 
with  respect  to  beam  performance,  gas  efficiency, 
reliability  and  maintainability.  Such  a  source, 
schematically  illustrated  in  Figure  3  with  filaments, 
permanent  magnets  and  filter,  has  been  consistently 
measured  to  deliver  quiescent  CW  proton  beams  ( ^ 
±  1  %  current  fluctuation  and  <:  1  %  dropout  rate) 
with  very  high  species  purity  and  very  low  beam 
emittance  at  the  current  levels  required 

In  particular,  proton  fraction.s  approuehing  90%  are 
achieved  as  shown  in  Figure  4.  This  is  important, 
not  only  because  it  reduces  the  total  extracted  ion 
current  which  in  turn  leads  to  lower  values  for  the 
emittance.  but  also  becttu.s«  the  Hj*  and  Hj*  .species 
are  not  accelerated  through  the  RFQ  and  thus 
represent  a  CW  thermal  load  on  that  component.  At 
the  present  time,  the  CW  hot  cathode  mode  of 
operation  i,s  baselined.  However,  the  ongoing  RF 
drive  development  program  at  LBL  in  .support  of  the 
SSC  (Superconducting  Super  Collider)  source  will 
lead  to  the  adoption  of  this  lower  power,  higher 
reliability  and  higher  porfomiancc  operating  mode  in 
the  near  future. 

3.  LOW  ENERGY  BEAM  TRANSPORT  (LEBT) 

In  addition  to  RF  drive,  the  SSC  injector  requires  an 
electrostatic  IJiBT  bccau.so  of  the  short  timescale  of 
its  macropulscs.  The  electrostatic  approach  lcad,s  to 
a  lower  power,  shorter  length  component  with  no 
gas  neutralization  for  the  present  application.  Tire 
absence  of  gas  neutralization  greatly  reduces  ilic 
LEBT  ga.s  load  and  enhances  beam  stability  and 
quiescence. 

The  SSC  acceleration-deceleration  scheme  hns  been 
selected  because  it  gives  low  e.xtraclcd  .source 
emittance,  little  LEBT  emittance  growth  and  the 
ability  to  generate  a  good  iruatch  to  the  RFQ 


acc^tance  ellipse.  The  specific  design  utilizes  the 
proven  ring  lens  q^roach  shown  in  the  simulation  of 
Figure  5.  Here,  the  various  LEBT  electrodes,  their 
voltages  and  associated  electric  potential  contours  are 
plotted.  The  space  charge  forces  within  the  overlaid 
extracted  beamlets  is  self-consistently  modelled.  The 
source  is  biased  to  30  KV  and  the  first  gap  extracticHi 
voltage  is  -43  KV.  The  extraction  optics  decelerate 
and  expand  the  beam  with  30  KV  at  the  ring  lens  and 
then  deliver  a  highly  convergent  beam  at  zero 
potential  in  the  RFQ  match  plane.  The  RFQ  design 
has  used  an  input  normalized  transverse  rms 
emittance  value  of  0.08  r  mm-mrad,  but  such 
sources  and  LEBTs  have  been  consistently  measured 
to  deliver  significantly  better  10  mA  pnformance. 

4.  RADIO  FREQUENCY  QUADRUPOLE  (RFQ) 

The  proton  accelerator  is  a  conventional  four  vane 
Radio  Frequency  Quadrupole  (RFQ)  device  whose 
symmetric  point  cross-section  is  illustrated  in  Figure 
6.  In  order  to  provide  long  term  performance 
stability  and  eliminate  the  requirement  for  periodic 
structure  retuning,  we  propose  to  electroform  the 
accelerator.  It  is  believed  that  operating  cost  savings 
and  the  increased  reliability  will  easily  defray  the 
higher  manufacturing  cost  of  electrofocming  as 
opposed  to  mote  conventional  design  approaches. 
The  electroformed  BEAR  (BEam  Aboard  Rocket) 
RFQ  demonstrated  the  same  performance 
characteristicg  throughout  a  space  flight  and  after  a 
subsequent  70-g  landing,  without  any  hardware 
changes  or  retuniag.  A  higher-current,  higher-power 
CW  cryogioic  RFO  has  already  been  designed  and 
fabricated  ,  C-rUnuwis  Wave  Deutedum 

Demmstraior  project.,  and  hence  CW 

operation  with  the  preaent  10  mA  proton  current 
causes  no  particular  tbennal  or  mechanical  problems 
for  the  engineering  design.  Details  such  as  the 
thermal  load  of  the  CW  proton,  Hj*  and  Hj*  currents 
collected  inside  the  RFQ  have  been  factored  into  the 
thermal  deai)p)  of  the  accelerator. 

With  cost  and  practicality  in  mind,  the  RFQ  design 
drivers  were  adequate  output  brightness  at  minimum 
length  and  power  consun^ytion.  The  selected  design 
hss  a  1.6  mm  constant  average  aperture  (rj,  3/4  r, 
vane  tip  radius,  and  the  relatively  low  operating 
potential  of  46  KV,  This  minimizes  the  power 
consumption  and  the  peak  surface  electric  field 
(PSEF)  while  maintaining  satisfactory  current 
transmissioa  (79  %)  and  an  adequate  current  limit  (28 
ma)  for  off-nominal  performance.  The  length  was 
minimized  piioctpally  by  the  choice  of  the  axial  vane 


modulation  variatka.  It  has  been  verified  that  the 
design  will  accommodate  the  projected  levels  of  input 
beam  misalignment,  mismatch  and  perfinmance 
fluctuatioa  within  the  desired  output  performance 
envelope.  As  an  example,  Figure  7  shows  the 
variatioa  of  ou^rut  centroid  energy  as  a  function  of 
vane  voltage.  Given  a  1*  phase  and  1%  ang>litude 
RF  control  system,  the  ou^  energy  stability  will  be 
on  the  order  of  ±  1.0  KeV  and  will  thus  require  no 
feedback  control. 

A  summary  of  the  principal  RFQ  design  parameters 
and  the  performance  values  projected  by  beam 
dynamics  analysia  such  as  is  illustrated  in  Figure  8, 
u  given  in  TaUe  2.  Emittance  values  are  in  rms 
normalized  unite.  Figure  8  shows  the  achievement  of 
about  ±  35  KeV  total  beam  energy  spread  at  the  end 
of  the  RFQ,  and  the  dominant  transmission  loss  as 
ions  fall  off-eoergy  and  out  of  the  RF  bucket  in  the 
gentle  buncher  region  of  the  accelerator. 

5.  HEBT 

The  HEBT  is  required  to  tianqwit  the  RFQ  output 
beam  to  the  foil  target.  Typical  target  requirementa 
are  an  approximate  10  mm  spot  with  a  divergoce  of 
^  S  mrsd  and  a  spot  uniformity  of  better  than 
±  20%.  Additionally,  the  long  tern  vaiiatioo  of  the 
centroid  beam  energy  and  the  bunch  energy  spread 
should  be  less  than  ±  a  few  KeV  and  approximately 
±  10  KeV  req;)ectively,  in  ord«  to  maximize  the  y- 
flux  in  the  sharp  resonance  cone  angle.  The  ou^nit 
emittance  values  and  energy  stability  of  the  RFQ  are 
sufficient  to  accommodate  theee  requiremtnta,  but  it 
is  necesaary  both  to  expand  the  beam  thus  increasiag 
the  spot  size  while  decressiDg  the  divergence  angle, 
and  to  energy  compact  the  bimcbea  after  a  drift  in 
order  to  achieve  the  low  energy  spread. 

A  summary  of  propoeed  HEBT  traiupori  elemeets  is 
provided  in  Table  3.  The  principal  funefion  of 
elements  1  through  9  is  to  provide  a  paraUd 
expanded  beam  of  the  appropriate  spot  size  in  d»e 
vicinity  of  the  target  beyond  demerit  IS.  This  can  be 
seen  in  the  beam  eovdope  behavior  shown  in  Figure 
9,  where  each  deorent  is  numbered  as  per  TaUe  3. 
The  nominally  zero  strength  dectromagadic 
quadrupole  (£MQ)  qmt  trim  coils  and  drift  of 
elemeota  13  through  IS  will  be  site  geometry 
dependent  md  hence  white  the  qualitative  function  ia 
rdevant,  the  detailed  sizing  of  this  HEBT  deai^  is 
only  illustrative.  Additionally,  if  it  ia  desired  to 
locate  the  betmline  above  or  bdow  the  target  area, 
oriented  vertically,  then  a  90*  bend  will  be  needed  in 


the  HEBT  before  the  target.  HEBT  steering  will 
either  be  provided  by  misalignment  of  PMQs  2  and 
S  or  by  separate  small  electromagnetic  dipoles  placed 
in  the  beamline. 

The  synchronous  energy  and  energy  spread  control  is 
performed  with  the  element  11  single  42S  MHz 
fundamental  RF  cavity,  whica  should  be  placed  as 
near  to  the  target  as  possible  to  minimize  the  beam 
energy  spread  ailer  bunching.  The  drift  length  from 
the  end  of  the  RFQ  is  set  by  the  desired  phase  spread 
at  the  buncher,  which  in  turn  derives  from  the  RFQ 
ouQiut  longitudinal  emittance  and  desired  target 
energy  spread.  Using  phase  and  amplitude  control, 
the  buncher,  nominally  at  -90°  and  34  KV 
respectively,  provides  the  fine  tuning  on  the  output 
energy  by  varying  the  synchronous  phase  from  about 
-80°  to  -132°  while  the  amplitude  changes  from 
about  34.6  KV  to  45.9  KV  respectively.  The  HEBT 
longitudinal  emittance  at  the  beam  edge,  defmed  here 
as  five  times  the  nns  emittance  (>  9096  of  the 
beam),  has  a  value  of  375  KeV-°.  This  can  be 
manipulated  by  the  HEBT  to  yield  ±  8.3  KeV  by 
±  45  °  thus  satisfying  nominal  target  requirements. 
In  the  Figure  9  example,  some  growUt  in  beam  size 
and  energy  spread  following  the  element  13  delivery 
point  can  bo  seen.  Specific  site  design  would  greatly 
reduce  this  growth. 

The  last  function  of  the  HEBT  is  to  deliver  a  beam  of 
high  unifomuiy.  Octupoles  are  used  to  fold  the 
wings  of  the  *X’  and  *Y*  plane  transverse  beam 
distributions  back  upon  themselves.  Figure  10 
domoostrates  this  effect  in  the  *X* -plane  with  the 
addition  of  clement  3.  Each  oclupolo  is  optimally 
placed  at  a  waist  in  cadi  plane  and  again,  since  the 
final  drift  to  the  target  is  critical  for  the  placement 
and  strength  of  these  magnets,  the  fmal  design  will  bo 
site  dependent. 

6.  CONCLUSIONS 

A  high-current  proton  beamitno  design  applicable  to 
the  gamnu  ray  resonance  absorption  EDS  technique 
has  been  completed.  Projected  bcainlinc  performance 
parameters  and  anticipated  reliability  levels  wilt  lead 
to  a  viable  detection  system.  Co.sl  and  complexity, 
the  principal  drawbacks  of  the  proposed  system,  are 
being  addressed. 
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Table  1:  Qualitative  Beamline  Requirements  and 
Design  Approaches  Adopted 


REQUIRMENT 

APPROACH 

Quiescent  Proton  Beam 

Multi-Cusp  Ion  Source 

Short,  Un-Neutrulized  LEBT 

Eletrostatic  &  Ring  Lens 

10  mA  CW  Recurrent 

425  MHz  CW  RFQ 

Tunable  Energy 

1,76  Me  V  RFQ  + 

425  MHz  RF  Cavity 

Good  Energy  Stability 

1”  Phase  and  1%  Amplitude 

RF  Control 

Low  Energy  Spread 

Low  Longitudinal 

Emittance  &  Energy 

Compaction  System 

~  10  tnin  spot  diameter, 
£  S  tnrad  divergence  & 
good  spot  uniformity 


Beam  Expanding  HEBT  -f 
Low  Transverse  Emittanoo 
+  Multipole  Comcton 


Table  V.  RFQ  Design  &  Performance  Parameters 


Frequency/Pulic  Length 

425 

MHz  /  CW 

Energy  In 

0.03 

Mev 

Energy  Out 

1.76 

MeV 

Current  In 

?2.8 

mA 

Current  Out 

10.0 

mA 

Transverse  Emittance  In 

0.08 

TT  mm-mmrad 

Transverse  Emittance  Out 

0.13 

T  mm-mrad 

Longitudinal  Emittance  Out 

75.0 

T  KeV-- 

Synchronous  Phase  Out 

-22 

O 

Number  of  Cells 

154 

Average  Aperture 

1.6 

Qun 

Peak  Modulation 

3.0 

Current  Limit 

28 

niA 

Peak  Surface  Electric  Field 

1.8 

Kii|»lrick 

Intervans  Voltage 

46 

KV 

Length 

1282 

nun 

Cavity  Power 

76 

KW 

Total  Power 

110 

KW 

Table  3:  Summary  of  HEBT  Elements 


No 

Element 

Length 

(mm) 

Strength 

Comment 

1 

Drift 

10.66 

2 

PMO 

20.00 

-165.6  T/m 

Steering  Trim 

3 

Octupole 

20.00 

T/m3 

4 

Drift 

4.14 

5 

PMQ 

20.00 

85.5  T/m 

Steering  Trim 

6 

Drift 

405.30 

Octupole 

20.00 

T/m3 

8 

Dnft 

4.14 

9 

PMQ 

20.00 

-78.6  T/m3 

10 

Dnft 

333.24 

11 

RF  Cavity 

10.00 

34.1  KV 

425  Mhx  (®  -90 

12 

Dnft 

100.00 

13 

FMQ 

20.00 

0.0  T/m 

Focus/Spot  Tnro 

14 

Dnft 

.  . 

1250.00 

15 

EMQ 

....I  . .r-i  1  1 1  1  -|  1 

20.00 

0.0  T/m 

Focus/Spol  Trim 
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Figure : 


Block  diagram  of  accelerator  components 
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WATER  JACKET 


MAGNETIC  FILTER 


Current  fraction 


Relative  Outsat  Ceatrold  Energy 


100.00 
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Relative  RF  Amplitade 


Figitre  7:  Enogy  catitroid  varudion  (%  of  Dominal)  with  RF  amplitude  fluctuation 


^  -60 

^  -80 

^-100 

< 

-120 

-140 

-160 

-180 


cell  number 


Energy  spread  along  the  RFQ  length  showing  the  transmission  loss  in  the  gentle  buncher 


Figure  8: 


Figure  9:  5t  beam  oiTdopes  dong  the  HEBT  •  "X”  and  "Z”  (daibcd)  are  aboft  while  *Y*  it  below. 

The  transferse  and  longitudinal  box  scales  are  19  nun  aud  IMo  rapectiveij. 


Beam  dynamics  simulation 
uncorrected  (upper)  and  octa 


AN  K  ION  SOURCE  FOR  RESONANT 
GAMMA  PRODUCTION 
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1.  INTRODUCTION 

1.1  Gamma  Ray  Absorption 

Resonant  gamma  (7)  rays  are  produced  by  1.75  MeV 
protons  striking  a  *^C  target[l],[2].  Those  7-rays 
which  are  suitable  for  resonant  absorption  in  ‘^N  are 
confmed  to  a  cone  of  small  angular  width.  This 
angular  width  depends  on  the  spot  size  and  the 
angular  divergence  (i.e.,  emittance)  of  the  proton 
beam  at  the  target.  Good  image  resolution  requires 
that  this  width  be  made  as  narrow  as  possible. 

1.2  Accelerator 

Although  there  are  a  number  of  different  accelerator 
techniques  which  should  work,  the  electrostatic 
tandem  accelerator,  in  particular,  has  several 
advantages.  The  unmodulated  dc  beam,  from  any 
electrostatic  accelerator,  simplifies  the  detection 
electronics.  As  the  beam  is  unbunched  the 
momentum  spread  is  inherently  small  and  the 
longitudinal  emittance  requirements  for  gamma  ray 
resonance  can  be  met  with  conventional  techniques. 
The  complexity  of  the  high  voltage  system  is 
minimized  by  the  tandem  system  which  reduces  the 
total  required  voltage  by  a  factor  of  two.  Reliable, 
high-current  (100  mA),  1  MeV  power  supplies 
already  are  routinely  being  used  in  industry.  Ion 
source  operation,  maintenance  and  complexity  are  all 
simplified  if  the  ion  source  is  made  to  operate  near 
ground  potential.  The  ion  source  power  supplies 
require  considerable  line  power  which  can  be 
provided  much  easier  and  more  economically  when 
the  ion  source  is  near  ground  potential. 

1.3  Emittance 

The  emittance  of  an  ion  beam  is  the  six  dimensional 
(x,  x',  y,  y',  p,  3p)  volume  containing  the  beam, 
where  (x,y)  are  the  transverse  coordinates  of  ious 
within  the  beam,  (x',y')  are  the  divergence  of  the 
ions  at  this  point,  and  (p,3p)  are  the  longitudinal 


noomentum  and  momentum  spread  of  these  ions.  The 
emittance,  normalized  by  (0yf  where  /?7  are  die 
normal  relativisdc  parameters,  is  an  invariant  of 
nootion  under  the  influence  of  linear  forces.  For 
most  systems  the  emittance  volume  can  be  character¬ 
ized  by  the  three  independent  projections  (x,x'), 
(y,y')  and  (p,3p).  Initial  estimates  ^ve  been  made 
for  the  transverse  beam  emittance  requirements. 
Although  the  vertical  and  horizontal  requirements  are 
slightly  different,  a  reasonable  and  achievable  design 
goal  is  0.13  T  mm-mrad  for  a  normalized  rms 
emittance.  The  energy  spread  is  dominated  by  the 
power  supply  stability. 

1.4  Emittance  Growth 

Emittance  growth,  invariably,  occura  during  the 
acceleration  process  in  ail  accelerators.  The  beam 
optics  of  an  electrostatic  accelerator  can  be  optimized 
for  minimum  emittance  growth  by  using  large 
apertures  in  all  optics  elements,  including  the 
accelerator  columns.  However  the  main  contribution 
to  the  increase  in  emittance  is  from  the  H*  to  H'*'  gu 
stripper.  This  stripper  is  a  compromise  between  the 
conflicting  constraints  of  maximum  ftaction  stripped 
and  minimum  Coulomb  scattering  of  the  beam  by  die 
stripper  gas  nuclei.  Because  of  this  compromise, 
there  is  an  optimum  gas  pressure  for  any  given 
geometry  and  gas  type.  Requiring  a  maximum 
transverse  emittance  of  0.13  t  nun-mrad  at  die 
stripper  exit,  the  fraction  of  beam  lost  due  to 
scattering  and  non-stripping  is  a  fraction  of  the  input 
emittance.  This  fraction  dqiends  on  the  geometry  of 
the  stripper.  In  order  to  maintain  at  least  90%  of  the 
initial  ion  source  beam  within  the  0.13  «■  mm-mrad 
it  is  necessary  to  have  an  ion  source  emittance  less 
than  0.09  t  mm-mrad  for  a  stripper  caiml  1  meter 
long  and  2  cm  in  diameter. 

1.5  Beam  Current 

The  precision  of  the  nitrogen  density  measurements 
and  foe  length  of  time  to  obtain  the  required  statistics 
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d^wad  on  the  y-ray  flux.  The  y-ray  flux  is 
propomonal  to  the  proton  current.  The  precise 
proton  current  required  depend;  on  a  number  of 
factors.  It  is  estimated,  based  on  the  results  o^  a 
feasibility  experiment  performed  by  TRIUMF  scien¬ 
tists,  that  a  current  of  about  5  mA  is  required  to  meet 
existing  specifications. 

1.6  Ion  Source 

Given  the  above,  a  nitrogen  detection  system  for 
explosives  requires  an  H'  ion  source  with  a  current  of 
at  least  5  mA  dc  within  a  normalized  rms  cmittance 
of  0.09  T  tnm-mrad.  These  specifications  are  met  by 
a  multi-cusp  ion  source  and  ion  extraction  system 
which  was  developed  at  TRIUMF[3].  This  ion 
source  is  being  used  on  a  cyclotron  for  the 
commercial  production  of  radio  isotopes.  The 
cyclotron  has  been  in  operation  for  slightly  more  than 
me  year.  During  this  period  the  ion  source  has 
■•perated  without  problem,  requising  only  regularly 
ciieduled  filament  changes.  Some  of  the  important 
criteria  for  the  ion  source  in  this  application  include: 
c)  current  stability,  b)  reliability,  c)  ease  of 
operation,  d)  reproducibility,  and  e)  minimal 
maintenance  requirements.  All  of  these  features  are 
needed  for  a  practical  explosives  detector. 

2.  ION  SOURCE 

2.1  H'  Production 

During  the  last  three  decades,  the  application  of  H' 
vons  m  accelerators  has  been  growing.  Two  basic 
'echniques  are  used  for  H'  production;  namely,  either 
volume  production  or  surface  conversion.  These 
processes  have  been  studied  in  a  number  of 
laboratorie8[4],[5].  Surface  conversion  ion  sources 
produce  H‘  very  efficiently  but  they  generally  require 
cesium;  a  distinct  disadvantage  for  accelerators!  The 
TRIUMF  source  uses  volume  production,  where  H' 
ions  are  extracted  from  a  hydrogen  plasma  which 
contains  positive  ions  as  well  as  electrons  and  a  small 
number  of  negative  H'  ions.  These  negative  ions  are 
created  at  energies  less  than  1  eV  through  dissociative 
attachment.  (Cesium  is  not  used  to  enhance  the 
negative  ion  production,  as  the  problems  this  creates 
for  the  accelerating  structures  are  considerably  worse 
than  the  benefit.)  The  H"  beams  are  characterized  by 
low  emittance,  high  brightness,  stable  output  and  low 
noise.  These  properties,  along  with  the  inherent 
simplicity  of  the  volume  source  and  the  relatively 
long  filament  lifetime  make  it  a  practical  choice  for 
accelerators  with  external  dc  H'  injectors. 


2.2  Source  Description 

The  TRIUMF  source  consists  of  a  cylindrical,  all¬ 
copper,  water-cooled  plasma  chamber  (anode)  which 
is  surrounded  by  10  axial  rows  of  SmCo;  permanent 
magnets  for  plasma  confinement.  The  chamber  is  10 
cm  diameter  by  15  cm  deep  and  is  divided  into  two 
regions  by  a  transverse  magnetic  field.  A  filament 
which  extoids  into  the  chamber  is  mounted  on  the 
back  flange.  The  front  face  forms  the  first  electrode 
of  the  ion  extraction  system,  is  electrically  insulated, 
is  biased  at  a  few  volts  positive  with  respect  to  the 
anode,  and  contains  an  11  mm  diameter  aperture 
through  which  the  H'  ions  are  extracted.  The  extrac¬ 
tion  system  is  an  axially  symmetric,  four-electrode 
structure  designed  to  produce  a  25  keV  ion  beam.  A 
collimator  on  the  final  electrode  makes  possible 
differential  pumping  and  minimizes  gas  stripping  of 
the  extracted  ion  beam.  A  turbo-molecular  pump  is 
used  to  achieve  a  pressure  of  the  order  of  ICT^  torr  in 
the  region  between  the  collimator  and  plasma 
generator,  while  a  ciyo-pump  downstream  of  the 
collimator  yields  an  adequate  vacuum  in  the  beam 
line  (approximately  lO"^  torr).  The  gaps  between  the 
electrodes  have  been  experimentally  obtained  by 
optimizing  the  beam  brightness  (proportional  to  the 
current  divided  by  the  emittance  squared)  for  a  25 
keV  ion  beam  with  current  in  the  range  of  1  to  6 
mA. 

2.3  Emittance  Measurement 

The  beam  emittance  is  determined  by  a  method 
developed  at  LAMPF  which  uses  a  pair  of 
electrostatic  deflecting  plates  located  between  two 
slits  and  a  linear  feed  screw  to  precisely  position  the 
system  in  the  ion  beam{6].  A  portion  of  the  beam 
passes  through  the  first  slit  and  is  deflected  by  the 
electrostatic  plates.  Any  current  going  through  the 
second  slit  is  measured  on  a  Faraday  cup.  The  plate 
voltage  (angular  beam  deflection)  can  be  stepped  up 
uniformly  by  computer  control  and  the  Faraday  cup 
current  is  digitize  at  each  voltage  step.  The  detector 
is  moved  and  a  set  of  curves  is  generated  whose 
width  is  proportional  to  the  angular  spread  at  each 
position.  The  computer  is  used  to  calculate  the 
emittance  and  plot  the  contours. 

2.4  H'  Current 

The  H’  current  is  measured  on  a  Faraday  cup 
approximately  2  meters  downstream  of  the  ion 
source.  Tho  total  current  from  the  source  depends  on 
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the  aiea  of  the  extraction  aperture.  For  an  11  mm 
diameter  hole,  a  7  mA  H'  beam  has  been  obtained 
within  a  normaliied  rms  emittance  of  0.085  t  mm- 
mrad  at  an  arc  current  and  arc  voltage  of  27  A  and 
127  V,  respectively.  The  output  current  is  stabilized 
to  the  few  percent  level  for  periods  of  24  hours  with 
an  electronic  feedback  loop  which  regulates  the  arc 
power.  Long  term  current  stabilization  of  wedrs  is 
maintained  by  computer  control.  The  fUament 
lifetime  at  S  mA  is  approximately  4  weeks. 

2.5  Controls 

The  ion  source  is  controlled  by  a  commercial 
programmable  logic  controller  (PLQ  which  is 
monitored  by  an  IBM  personal  computer.  The  ion 
source  control  system  uses  high  level  macros  to 
operate  the  electronics,  vacuum  pumps  and  valves 
and  thus  reduce  the  need  for  highly  trained  operators. 
For  instance  a  single  set  command  at  the  console  can 
turn  the  ion  source  on,  through  a  predefined  process, 
to  preset  values.  The  console  screen  contains  colour* 
coded  icons  of  the  system  which  rapidly  allow 
problems  to  be  diagnosed.  Various  pages  allow  the 
operator  to  call  up  Help  screens,  interlock  status  of 
devices  as  well  as  the  interlock  logic  step  ladder. 
The  diagnostic  system  is  very  user  friendly  and  can 
be  quickly  mastered  by  individuals  familiar  with 
personal  computers. 

2.6  Reliability 

'I'he  ion  source  has  operated  for  over  one  year  on  a 
cyclotron  which  is  being  used  for  the  commercial 
production  of  radio  active  isotopes.  The  source  is 
required  to  run  at  5  mA  continuously.  Regular 
maintenance  periods  are  scheduled  in  advance.  The 
ion  source  fiiameot  is  changed  during  a  scheduled 
maintenance  approximately  every  four  weeks.  The 
computer  is  used  to  monitor  the  fiiameot  current  and 
voltage  to  predict  the  anticipated  lifetime  of  a  given 
filament.  The  time  dependent  filament  characteristics 
allow  the  operators  to  extrapolate  and  estimate  the 
lifetime  more  than  one  week  in  advance. 

ACKNOWLEDGEMENTS 

A  number  of  other  TRIUMF  scientists  have 
contributed  to  this  paper.  G. Stinson,  R.  Ruegg  and 
F.  Bach  assisted  in  carrying  out  the  feasibility 
experiment.  A.  Altman  has  contributed  to  the 
caculations  of  resonant  y-ray  fluxes  and  ion  beam 
requirements.  H.  Schneider  examined  accelerator 
requirements.  R.  Baartman  examined  ion  source 


matching  conditions  and  emittance  growth  effects. 
K.  Jayamanna,  M.  McDonald  and  D.  Yuan  obtained 
the  ion  source  data. 

REFERENCES 

1.  W.  Biesot  and  P.  B.  Smith,  Phys.  Rev.  C24 
(1981)  2443 

2.  D.  Varsky  et  al,  Nucl.  Phys.  AS05  (1989) 
328 

3.  D.  H.  Yuan  et  al,  Fifth  Int.  Symposium  on 
Productiem  and  Neutralization  of 
Negative  loot  and  Beams,  AIP 

Conf.  Proc.  No.  210,  Paiticlee  and 
Fields  Series  40,  (1990)  pp  323-328 

4.  K.  N.  Leung,  Proc.  of  the  10th  Synqwaium 
of  Fusion  Engineering,  Philadelphia,  Pa 
(1983) 

5.  K.  N.  Leung  et  al.  Ref.  Set.  Instnim.  54 
(1983)  56 

6.  P.  W.  Allison  et  al,  IEEE  Tran.  Nucl.  Sci. 
NS-30  (1983)  2204 


199 


X-RAY  AND  GAMMA  RAY 
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Massachusetts  Institute  of  Technolofy 
Ounbridge,  MA 


1.  INTRODUCTION 

The  non-invasive  examinadoo  of  containers  for  light- 
element  contraband  presents  different  challenges 
depending  on  whether  we  seek  explosives  or  narcotics 
or  foodstuff;  whether  we  are  examining  hand  bags, 
or  hold  luggage  or  cargo  containers;  whether  we  have 
S  seconds  or  SO  seconds;  whether  we  have  constraints 
or  foreknowledge.  There  is  no  universal  solution. 
Indeed,  at  this  time  there  is  no  single  detector  that 
promises  to  solve  more  than  a  sub-set  of  our 
problems.  We  therefore  seek  a  systems  approach  that 
presents  a  gauntlet  of  barriers  whose  sum  will  deter 
the  most  determined. 

It  is  also  clear  that  the  search  for  explosives,  the 
subject  of  this  paper,  is  inherently  different  from  the 
search  for  narcotics  or  foodstuffs.  Explosives  are 
expected  in  but  one  in  a  billion  pieces  of  luggage; 
narcotics  may  be  in  more  than  one  in  a  hundred.  If 
but  one  explosive  in  ten  passes  our  surveillance  we 
have  a  tragedy:  the  system  has  failed.  If  we  find  one 
out  of  ten  stashes  of  narcotics  that  wouldn’t  have 
been  found  otberwiae,  the  system  baa  been  a  success. 

The  evaluation  of  different  explosive  detection 
devices  (EDDs),  which  integrate  mto  a  system  called 
EDS,  implies  criteria  of  performance.  If  cudi  exist, 
I  don’t  know  them.  la  (be  idweoce  of  such 
knowledge,  I  have  adopted  my  own  guidelioea  in 
order  to  evaluate  different  EDS  approaches.  The 
following  qualitative  criteria  are  a  sub-set  needed  for 
the  paper. 

1.  Testing  nutst  be  automated  and  not  rely  on 
human  judgement. 

2.  The  probability  of  cletocling  a  potential  threat 
should  be  close  to  100%  for  bulk  explosives  that 
terrorists  use. 

3.  The  probability  of  false  positive  alarms  can  be 
tub^antial  if  pasaengers  are  with  their  luggage, 
but  must  be  negligito  with  paeseogoa  abseot. 


4.  The  aystem  loust  be  difficult  to  thwvt  or 
circumvent.  Camouflafing  the  eapioaive  muat 
alarm  the  ayatem. 

The  minimum  weight  and  duckneaa  guidelinea  are 
classified.  In  order  to  make  calculatioos  I  hav« 
assumed  nunimum  wei^its  vad  ifaickiiess  &at, 
according  to  well-publiabed  reports',  have  beeit  used 
successfully  by  terrorists.  These  are  tnit  a  frectiae  of 
the  weight  ai^  suae  of  typical  bags.  They  poae 
<ts»»nting  cballengea  to  technology.  Nevertheless,  I 
believe  that  we  are  not  ftr  from  dmaonstrating  a 
credible  system  that  will  meet  the  full  set  of 
guidelinea,  widt  a  low  enough  ahum  rate  aa  to  make 
the  frequem;y  of  hand  aesrchre  acceptable. 

The  paper  begina  widi  a  diacaaaion  of  the  phyaimi 
pfxapertiea  that  diatinguiih  an  explosive.  We  ttsti 
consider  x-ny  techniques,  including  simple 
lianamissioo,  Compton  backncatter,  mult4>ln  eoMfy, 
and  nuiltipte  view.  We  omit  coherem  scstteiing  a^ 
detonator  detectiaa.  We  make  up  Mev  x-rty 
imaging  for  investtgatiag  large  omiainen,  wldck 
leads  into  dm  use  of  Mev  x-raya  frir  nuclssr 
rreonanre  absorption,  a  new  technique  not  previouaty 
discussed.  Reo^progieaa  in  the  Soreq  technique  of 
nuclear  reeonince  ibaorptioe  is  dmn  sumMaiusd. 
The  final  aection  sugfesta  a  gaunUet  of  ^fiSanat  EDD 
x-ray  machiaea,  that  either  are  or  will  be  tvaiUMs 
soon,  which  together  wndiprofilmg  and  hmd  aaarchea 
could,  I  believe,  he  a  formidtble  deterrent  agatatf 
terrorists. 

2.  THE  UNIQUENESS  OF  BEING  AN 
EXnXlSIVE 

2.1  rhfinkml 

Every  type  of  ex^osive  has  a  unique  chemical 
formula  and  its  v^wti  contain  atnfular  molecutea. 
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Eleountal 

Explosives  of  concern  in  EDS  are  composed  of 
hydrogen,  carbon,  nitrogen  and  oxygen.  So,  too.  are 
many  common  organic  and  inorganic  materials.  As 
a  class,  explosives  are  rich  in  nitrogen  and  oxygen, 
poor  in  carbon  and  hydrogen.  Atomic  concentiatioos 
are  not  a  particularly  good  discrimiiutnt  since  many 
common  non-explosives  have  high  atomic 
concentradons  of  oxygen  (dacron,  silk,  cotton)  and 
nitrogen  (wool,  silk,  orlon).  A  more  significant 
discriminant  is  the  atomic  densities  of  oxygen  and 
nitrogen,  measured  in  moles  per  cc.  Still,  ovmy 
common  materials  (water,  sand)  have  high  densities 
of  oxygen.  Very  few,  however,  have  high  densities 
of  nitrogen;  the  most  cited  exceptions  being  certain 
plastics  (melamine,  polyurethene,  and  solid  nylon). 
Nitrogen  density  is  the  most  effective  single  elemental 

discriminant. 

23  Crystalline 

Most  explosives  have  a  crystalliue  structure  that  can 
be  measured  by  modern  x-ray  Bragg  scattering 
teclmiques.  The  detection  probabilities  and  the  false 
alarm  rates  remaio  to  be  ddermined.  So  too  is  the 
ability  of  Bragg  system  to  scan  luggage  in  desired 
airport  conditions.  But  wo  know,  a  priori,  that  many 
light  materials  are  not  crystaUine  and  that  metals  have 
very  special  Bragg  sigaaturcs  that  will  not  confound 
the  method.  In  my  view,  this  teclmkiuft.  which  is  not 
discussed  in  this  paper,  has  a  definite  role  to  play  in 
a  security  system  and  should  be  exploited  as  fuUy  as 
possible. 

2.4  Maas  and  liixnr  AUemiatioD  Cocffioeutsi 

The  ubiquitous  sirport  X'ny  machinm  measure  the 
attenualioQ  of  x-rays  of  energies  between  about  6t) 
kev  and  120  kev.  The  subject  is  gone  into  in  greater 
detail  below.  Suffice  it  to  emphasize  that  the  mass 
attenuation  factors  that  are  the  quantitative  results  of 
such  roeasuremeots  cannot  give  umque  signals  for 
explosives  since  most  light  materials  (plastics,  paper, 
clothing)  have  essentially  the  same  absorption  effects 
as  explosives.  The  example  to  Table  1  makes  the 
point  by  comparing  sugar  with  the  military  explosive 
C-4. 

The  mass  attenuation  coefficients,  p  measured  in 
cmVg,  and  the  densities  are  the  same  within  a  few 
percent;  they  cannot  be  distinguished  by  x-rays. 
Nevcfthcleas,  as  we  will  enyhaiirr.  x-ray 


interactions  may  well  be  the  most  inqwrtant  single 
security  tool  for  detecting  explosives. 

Linear  attenuation  coefficients  of  materials,  which  are 
measured  by  three-dimensional  x-ray  imaging 
techiuques  such  es  conq>uterized  axial  tomography, 
are  a  much  more  discriminating  characteristic.  The 
data  aiu  presorted  in  Figiue  5. 

2.5  Density 

The  densities  of  explosives,  ^own  in  Figures  4  and 
S,  can  vary  over  a  wide  range  but  the  densities  of 
high  performance,  robust  explosives  that  terrorists 
use  are  tightly  clustered  between  about  l.S  and  1.9 
g/cm^.  If  &e  density  of  objects  in  luggage  could  be 
measured,  we  would  be  able  to  eliminate  from 
consideration  a  large  number  of  confounding 
materials. 

2.6  Corr^tiom 

Not  a  single  attribute  of  explosives,  -part  from  the 
molecular  structures,  is  a  unique  signature  of  an 
explosive,  but  several  have  but  a  limited  number  of 
confoundara.  The  meuauement  of  two  or  mora 
Atthbutes  is  ?.  single  volume  has  the  potential  for 
eliminating  or  «t  least  severely  restricting  the  false 
alarm  rates,  la  U»a  subeecUoo  we  examine  a  few 
two-panuneter  correlations. 

•  Nilrogeu  veraus  Oxygen:  In  previous  publications 
we  hr:ve  called  alteatioo  to  the  fact  that  the 
correlation  of  high  atoou-c  dessitief  of  nitrofen 
and  oxygen  is  a  unique  signature  of  expU^ives. 
Figure  I  shows,  in  a  plot  of  molts/cc  of  oitrogeo 
versus  the  corretpooding  molee/oc  of  oxygen, 
that  all  exptesives  fall  within  a  rectangle  that 
contains  no  non-explosive,  and  innocuous 
materials  are  far  from  the  rectangle  axtd  generally 
clustered  in  the  lower  left  comer  of  the  graph; 
i.e.  (he  coocestrations  are  low.  A  measurement 
of  the  oxygen  and  nitrogen  densities  to 
uncertainties  of  20%  gives  a  unique  separation  of 
explosives  from  other  materials. 

•  Carbon  versus  Hydrogen:  Figure  2  shows  the 
correlation  between  carbon  and  hydrogen. 
Explosives  (black  squares)  are  for  (be  most  part 
will  separated  from  innocent  materials  which 
contain  either  much  more  or  tuuch  less  of  both 
carbon  and  hydrogen.  Unfortunately,  the 
exploitattoo  of  (he  distinction  demands  highly 
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accurate  tneasurem^lii,  and  methods  for  makmg 
such  measurements,  eq>ecially  of  hydrogen,  are 
unknown  to  this  author. 

•  Carbon  versus  Oxygen:  An  important 
discriminating  signature  is  the  correlatioo 
between  the  oxygen  and  carbon  densities,  shown 
in  Figure  3.  Measuring  this  correlation,  which, 
in  principle,  can  be  done  with  some  accuracy  by 
several  techniques,  could  greatly  reduce  false 
alarm  rates. 

•  Mass  attenuation  coefficients  versus  density:  The 
degeneracy  of  mass  attenuation  coefficients,  is 
lifted  to  some  extort  if  the  doisities  of  the  object 
can  be  measured  as  well.  Figure  4  shows  the 
correlation  of  /r  vs  p  for  80  kev  x-rays  for  a 
number  of  substances.  The  explosive  groiq> 
(black  circles)  is  rather  tightly  constrained  on  this 
plot,  though  ambiguities  with  innocuous  materials 
are  inevitable,  as  already  noted  in  Table  .  . 
Nevertheless,  if  a  correlation  measurement  can  be 
made  it  would  greatly  reduce  false  alarr-s  from 
clothing,  liquids  and  foodstuffs.  After  ail,  what 
percentege  of  passengers  cany  a  pound  of  sugar 
in  their  luggage? 

•  Linear  attenuation  coefficiMits  versus  density: 
The  linear  attenuation  coefficient  X  is  the  product 
of  p  and  p.  A  single  roeasuremoit  of  X, 
obtained,  for  example,  by  con:q)uterized  axiai 
tomography,  gives  the  separation  implied  by  the 
correlation  in  Figure  4.  If  p  can  be  measured  as 
well  as  X  then  a  further  separation  is  obtained  as 
shown  by  the  correlation  graph  of  Figure  5. 

•  Mass  attenuation  versus  elemental  concentrations: 
A  number  of  systems  propose  to  reduce  false 
alarm  rates  by  combining  images  of  atomic 
concentrations  with  those  of  x-ray  attenuation. 
Such  correlations  are,  a  priori,  a  "good  thing" 
since  any  new  information  is  valuable,  but  the 
correlation  will  be  especially  useful  if  the 
parameters  are  uncorrelated.  For  exanqple,  the 
nitrogen  density  of  light  materials  is,  to  first 
approximation,  uncorrelated  with  the  x-ray 
attenuation  coefficients  and  independent 
measurements  of  these  quantities  would  help 
considerably  in  distinguishing  explosives. 
Carbon  densities,  on  the  other  hand,  are  not 
uncoirelated  with  p  values,  so  that  the 
measurement  of  both  gives  little  more 
information  than  the  measurement  of  either. 


3.  IBE  INTESACTION  OF  PHOTONS  Wrm 
MATTER 

The  absorption  of  a  beam  of  X-rays  of  estogy  E  and 
intensity  I,  (photons/sec)  passing  through  material 
(atomic  number  Z,  atomic  weight  A  and  density  p)  it 
described  by  an  exponential  attenuation, 

1=1,  exp(-<r„,nt)  (1) 

where  I  is  tiie  measured  intensity  after  the  beam  has 
traversed  material  of  thickness  t  having  n  atoms  per 
cc.  Taking  the  log  of  both  sides  writing  n 
explicitly,  we  obtain, 

ln(I,/‘I)  =  a^t  =  a^JA  pt.  (2) 

N,  is  the  number  of  atoms  per  mole  (Avogadro’s 
number),  A  is  the  number  of  grams  per  mole  (atonric 
weight),  and  p  is  the  density.  Equation  2  is  usually 
written  in  a  coudeaised  form, 

ln(I,/I)  =  iaJiJA)(p  t)  =  p(pt)  -  px.  (3) 

where  p(cmVg)  is  the  mass  attenuation  coefficient, 
and  x=pt  is  the  areal  density  in  g/emP.  For  some 
purposes  it  is  more  iqipn^riate  to  'us  the  linear 
attenuation  coefficient  :!^cm’')=  pp: 

ln(VD  =  (<rJ^,/Ap)t  -  Xt.  (4) 

The  total  cross  secticn  per  atom  is  the  sum  of 
four  mdq)endent  cross  sections: 

aJZ.E)  =  v(Z’,E-’«)  +  Za„(B)  -h  <r„(E.Z») 
+  onu.  (5) 

is  the  photoelectric  cron  section  thst 
messures  the  pro^ility  that  a  photon  will  be 
absorbed  by  an  atom,  ejecting  an  electron  whose 
kinetic  energy  is  equal  to  the  i^oton  energy  less  tiw 
binding  energy  of  the  electron  to  the  atom.  The 
photoelectric  effect,  which  increases  as  the  fifth 
power  of  the  atomic  number  and  decreases  as  die  7/2 
power  of  the  photon  energy  is  most  inqMttant  for  x- 
ray  energies  below  about  100  kev  and  for  heavier 
materials. 

^^(F)  is  the  cross  section  for  photon  scattering  by 
elecbxMis.  At  low  photon  energies,  of  the  order  of 
the  hr  ding  energies  of  the  atomic  electrons,  the 
scatteiimg  has  a  strong  coherent  component.  As  th» 
energy  of  the  photon  increases,  that  component 
becomes  small  and  the  scattering  is  dominated  by  the 
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Con^tOB  ef^t  is  wliich  die  photcm,  acting  like  a 
pgiticle.  scatters  firon  free  electrons.  We  emphasize 
here,  and  again  Leluw,  that  the  probability  for 
Compton  scattering  is  almost  indqiendmt  of  Z  since, 
as  seen  by  Bqnations  4  uid  S,  it  is  proportional  to 
(Z/A)<r*;  Z/A  apart  from  hydrogen,  deviates  little 
from  0.5,  and  a^,  the  c*oss  section  per  electron,  is 
ind^eadent  of  Z. 

measures  the  probability  that  the  photon 
transforms  into  a  positron  and  electron.  Since  this 
can  only  occur  at  mergies  greater  than  1.022  Mev,  it 
is  important  only  for  Mev  photons. 

is  the  cross  section  for  the  photon  to  excite  a 
nuclear  state.  This  is  an  idiosyncratic  phenomenon  of 
importance  only  for  very  special  photon  energies 
matched  to  specific  nuclear  isotopes.  In  general 
is  negligible,  but  there  are  a  few  exceptions  in  which 
the  cross  section  is  comparable  to  and  may  ev^ 
dominate  the  electronic  cross  sections  of  Equation  2. 

4.  EXPLOSIVE  DETLCTION  SYSTEMS  (EDS) 

There  are  a  number  of  ways  in  which  the 
fundamental  interactions  outlined  in  Section  3  can  be 
used  to  identify  materials  in  containers.  We  begin  by 
discussing  methods  using  x-ray  generators  with 
tenninal  voltages  well  below  the  pair  production  or 
nuclear  excitation  thresholds.  A  later  section  will 
consider  EDS  based  on  x-ray  generators  in  the  Mev 
range  where  both  pair  production  and  nuclear  effects 
are  significant.  Finally,  we  will  consider  gamma  ray 
schemes  which  make  specific  use  of  the  nuclear 
interactions  for  measuring  the  distribution  of  specific 
elements. 

4.1  Airport  X-Ray  Scanners 

The  ubiquitous  airport  scaimer  is  shown  schematically 
in  Figure  6.  These  typically  operate  with  electron 
energies  of  120  kev  impinging  on  a  tungsten  target. 
The  resulting  x-ray  spectrum,  sketched  in  the  lower 
part  of  Figure  6,  consists  of  the  characteristic  x-ray 
energies  of  tungsten  (~60  kev)  superimposed  on  n 
broad  bremsstrahlung  spectrum  whose  maximum 
energy  is  the  electron  energy  (120  kev)  and  whose 
intensity  per  energy  interval  is  inversely  proportional 
to  the  x-ray  energy.  The  luggage  absorbs  the  lower 
energy  x-rays  preferentially  and  the  exiting  spectra, 
also  sketched  in  the  figure,  is  "hardened”  to  a  degree 
that  depends  on  absorbing  material.  The  mean 


energy  of  the  beam  exiting  from  the  luggage  is 
typically  around  80  kev. 

Airport  x-ray  imaging  systems  were  introduced  to 
cunbat  hijacking.  The  devices  were  designed  to  give 
high  resolution  pictures  with  excellent  gray  scale 
dynamic  range  so  that  the  security  operator  could 
identify  weapons  made  of  metals  in  characteristic 
shapes.  We  now  ask  that  these  devices  make  evident 
explosives  made  from  light  materials  with  no 
characteristic  shape.  X-ray  machines  now  being 
offered  as  EDS  systems  are,  for  the  most  part, 
adaptations  of  existing  technologies  to  the  EDS 
problem. 

Attenuation:  The  most  elementary  approach  to  an 
EDS  is  to  use  the  att^uated  signal  as  a  measure  of 
potential  threat.  Consider  the  x-ray  signal  obtained 
in  a  simple  two-dimensional  projected  image  af  an 
explosive  shown  idealized  in  Figure  7.  The 
integrated  signal,  S,  is  simply; 

S»,^=N  logao/I)=NnJN„/A)pt  a=aJN„/A)M 

(6) 

where  N  is  the  number  of  pixels  covering  the  bomb’s 
projected  area,  a,  is  the  area  of  each  pixel  and  M  is 
the  mass  of  the  bomb.  The  sum  of  the  logs  of  the 
attenuation  ratios,  due  only  to  the  bomb,  is 
proportional  to  the  mass  of  the  bomb  and  is 
essentially  independent  of  the  type  of  explosive.  We 
have  assumed,  for  simplicity,  a  constant  thickness  of 
penetration  but  the  answer  is  a  general  one, 
independent  of  shape. 

The  total  signal  from  a  bag  is  the  sum  of  the  signals 
S  from  every  component  in  the  bag.  That  is,  the  log 
of  the  attenuations  add  linearly  and  the  total  signal 
depends  on  the  bag’s  mass.  Thus,  a  small  explosive 
in  a  large,  heavy  suitcase  filled  with  light  nuterial 
will  yield  a  bomb  signal  that  is  only  a  few 
percent  of  S^.  If  heavier  materials,  such  as  iron, 
are  present  then  the  ratio  will  be  greater.  If  we  set 
our  threshold  equal  to  we  will  false  alarm  on 
almost  every  heavy  bag.  The  total  attenuation  is 
therefore  not  by  itself  a  useful  measure  for  finding 
small  bombs,  though  it  will  be  an  important  input  in 
more  general  EDS  schemes. 

Dual  Energy:  Commercial  x-ray  systems  at  airports 
now  feature  dual  energy  analysis  to  measure  the 
atomic  number  of  the  material  in  the  bag,  a  vital 
piece  of  information  for  the  security  operator.  Figure 
8  shows  a  schetrratic  of  the  method.  The  method 
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makes  use  of  the  fact  that  the  photoelectric  effect  is 
strongly  Z  dependent.  To  see  the  power  and 
limitations  of  the  method  consider  again  the  simple 
object  of  Figure  7.  The  log  of  the  attenuation  signal 
obtained  at  a  mean  x-ray  aiergy,  E,  is  given  in 
Equation  7. 

ln(VI,)  =  [ap,.(Z,E,)  4  Znsc(E,)](N,/A)pt  (7) 

There  are  too  many  unknowns  in  Equation  7  to  get 
much  information  from  a  single  measurement.  In 
particular,  a  thin,  high  Z  material  will  have  the  same 
attenuation  signal  as  a  thick,  low  Z  material.  But 
two  measurements  obtained  with  two  different 
energies,  as  indicated  in  Figure  8,  can  unravel  some 
of  the  mystery  about  a  single  object. 

The  division  of  the  two  signals  cancels  the  common 
factor  of  fipt.  The  result  is, 

lna,/I,)=K..(Z.E,)+Z<»,,(E,)](ap...(Z.E^4Z<7s,(EJI' 

(8) 

This  ratio  shows  strong  discriminating  power  at  lower 
energies  and  heavier  Z.  But  there  is  little 
discriminating  power  among  the  lighter  materials. 
Figure  9  presents  the  ratio  of  mass  attenuation 
coefficients  for  a  number  of  materials  and  for  two 
energy  ratios:  the  black  squares  are  for  80  kev  to  40 
kev  mean  energies:  the.  open  circles  are  for  100  kev 
to  60  kev.  Not  surprisingly,  the  lower  the  lowest 
mean  x-ray  energy,  the  better  the  discrimination 
power.  But  the  lower  energy  x-rays  are  strongly 
absorbed  and  it  is  very  doubtful  that  present  x-ray 
systems  can  produce  useful  signal  strengths  with  40 
kev  radiation  passing  through  heavy  luggage.  The 
100/60  results  show  reasonable  discriminating  power 
(if  the  measurements  can  be  made  to  an  uncertainty 
of  10%):  materials  with  a  modest  component  of 
heavier  elements,  such  as  black  powder  with  its 
potassium,  sand  with  its  silicon,  saran  and  PVC  with 
chlorine  can  be  distinguished,  as  can  all  of  the  metals 
heavier  than  sodium. 

The  dual  energy  method  applied  to  a  simple  object 
also  yields  the  areal  density  pt  and  that  in  turn  gives 
a  measure  of  the  density  and  the  thickness,  since  the 
atomic  number  has  been  determined.  (That  measure 
could  be  reasonably  precise  for  heavier  materials  but 
is  expected  to  have  large  uncertainties  for  light 
objects  since  the  densities  of  objects  with  the  same 
effective  Z  and  p  can  have  densities  that  range  from 
0.2  to  values  close  to  2.) 


But  simple  objects  for  which  Equation  8  applies  arc 
rarely  seen  at  airport  gateways.  The  coataits  of 
actual  luggage  is  infinitely  varied  and  only 
occasionally  neatly  packed.  And,  terrorists 
camouflage  their  bombs.  The  dual  energy  method 
when  applied  to  real  luggage  no  longer  gives  the 
atomic  number  of  the  object,  but  only  an  effective 
atomic  number,  and  the  areal  densities  are  pooriy 
known.  In  the  real  world,  simple  dual  energy 
analysis,  while  an  improvement  over  single  Miergy 
analysis,  is  easily  confounded  and  cannot  be  used  for 
automated  screening.  To  improve  the  method  one 
must  separate  the  objects  in  a  complex  image. 
Several  approaches  are  being  vigorously  pursued. 

•  Multiple  views:  Two  views  are  better  than  one; 
three  better  than  two.  Figure  10  shows  a  system 
in  which  two  orthogonal  views  are  obtained  so  as 
to  uncover  some  objects  hidden  from  one  view. 
In  this  idealized  drawing,  the  five  objects  that  are 
observed  to  be  one  continuous  object  in  the 
horizontal  view,  are  revealed  in  the  vertical  view 
to  be  at  least  4  separate  objects.  A  modest 
amount  of  computerology  should  be  allow  all  5 
objects  to  be  identified. 

A  dual  view  system  when  combined  with  dual 
energy,  represents  a  significant  advance.  In  some 
cases  ,  the  two  views  can,  in  principle,  give  sufficient 
information  to  derive  the  volume  of  the  objects,  and 
hence  their  densities;  in  principle,  because  the 
computerology  of  the  image  reconstruction  has  not 
been  demonstrated  to  my  knowledge.  Obviously,  two 
views  still  contain  ambiguities  and  degeneracies,  so 
the  more  views  the  better;  the  limit  is  a  full 
computerized  tomographic  scan  taking  as  many 
independent  views  as  there  are  independent  voxels. 

•  Compton  scattering  plus  absorption:  A 

competing  technique  to  dual  energy  analysis 
makes  use  of  images  formed  by  absorption 
together  with  back-scattering.  Figure  11  is  my 
cartoon  of  the  AS&E  method  in  which  a  beam  of 
x-rays  scans  the  luggage;  the  Compton  scattered 
x-rays  together  with  the  transmitted  x-rays  are 
counted  in  registration  with  tlie  beam  position. 

It  is  sometimes  said  that  the  AS&E  method  and  the 
dual  energy  method  of  x-ray  analysis  give  equivalent 
information  since  they  both,  in  principle,  separate  and 
identify  the  photoelectric  and  Compton  components. 
That  argument  ignores  the  competition  between  the 
two  effects,  which  allows  Compton  backscattering  to 
provide  information  that  caimot  be  obtained  in 
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{Msctice  by  dual  eaergy.  The  proper  comparisoo  of 
dual  energy  analysis  is  to  the  comhbatioa  of 
transmissien  attenuatioa  idus  forward  Conqjton 
scattering.  Backward  Cosapton  scattering  has  special 
advantages  as  the  fidlowing  single  calculatioa  makes 
clear. 

ComptcQ  bsckscattering  gives  informatioa  about  light 
material  in  the  near  suzfKes  of  luggage  that  is 
difficult  to  obtain  otherwise.  The  principal  reason  is 
that  die  Coisptoo  signals  from  heavier  material  are 
suj^ressed  by  the  photoelectric  attenuations.  The 
backscattered  intensity,  from  a  dieet  material  of 
srea!  density  d(g/cni^,  into  a  detectiir  that  subtends 
0  of  «  sjdieie  is  given  by, 

I,  -  ,U<r5/2njO[l^p(-2,«„d)].  (9) 

Assume  for  siit^licity  that  the  incident  x-ray  flux  is 
unifonn  from  30  kev  to  6C  kev  and  that  the  thickness 
is  such  that  2/i„^d- 1  for  plastics.  The  intensities  yi 
for  plastic,  aluminum  and  iron  are  they  in  the  ratios 
of  1:0. 8:0.2.  The  signals  from  the  heavier  materials 
are  suppressed,  allowing  the  light  materials  to  stand 
out  clearly.  By  the  proper  choice  of  beam 
conditions,  the  light  materials  in  the  near  surfaces 
(and  to  a  lesser  degree  in  the  interior)  can  be  strongly 
oihanced  for  either  visual  or  automated 
discriminaticMi. 

Conqiton  bockscatter  imaging  is,  at  this  time,  unique 
in  finding  thin  explosives,  especially  near  surfaces. 
That  uniqueness,  which  I  have  described  for 
examining  luggage,  is  being  applied  by  AS&E  and  by 
IRT  to  the  search  for  explosives  and  otlier  contraband 
on  the  surfoces  and  clothing  of  people. 

•  Pattern  recognition  with  object  subtraction:  An 
operator  examining  a  high-resolution,  wide 
dynamic-range  x-ray  image  can  highlight 
individual  objects  by  examining  the  images  at 
each  level  of  grey  scale.  Companies  claim  to 
have  written  programs  that  do  this  automatically. 
That  is,  objects  are  identified  by  pattern 
recognition  schemes  and  are  isolated  by 
subtractmg  the  signals  representing  the 
background  materials.  If  dual  energy  analysis  is 
carried  out  on  the  separated  objects,  then  the 
analysis  of  Equation  8  applies  and  the  device  has 
the  potential  for  being  an  automated  detector  of 
potential  explosives. 

•  A  comment  on  the  need  for  two  dimensional  as 
opposed  to  linear  x-ray  detector  arrays:  I  have 


no  doubt  but  that  pattern  recognition,  especially 
obtained  from  multiple  views,  will  eventually,  if 
not  now,  be  able  to  identify  a  considerable 
number  of  objects  in  luggage,  provided  that  the 
data  is  robust  enough.  But  my  own  estimates  of 
counting  rates  raise  doubts  as  to  whether  the 
counts  per  pixel  ate  sufficient  for  many  levels  of 
image  manipulation.  State  of  the  art  x-ray  tubes 
used  at  airports  have  beam  power  levels  of  about 
a  kilowatt.  The  total  detected  x-ray  fluence,  in 
rapid,  dual-energy  scan  of  a  large  suitcase,  must 
be  divided  into  thousands  of  pixels.  The  number 
of  counts  per  pixel  is  limited,  especially  through 
denser  sections  of  a  bag.  l^h  successive 
subtiaction  introduces  statistical  fluctuations  so 
that  the  final,  isolated  object  may  be  very  poorly 
characterized.  A  thin  sheet  of  explosive  that 
weighs  but  a  fraction  of  the  bag  poses  a  severe 
challenge  since  its  identification  requires  the 
subtraction  of  two  signals  that  may  not  differ  by 
more  than  1  %.  There  are  a  number  of  ways  to 
Qihance  the  sigiutl  strength  per  pixel.  Perhaps 
the  most  obvious  is  to  use  areal  rather  than  linear 
arrays  of  detectors  so  that  image  information  can 
be  taken  in  parallel  in  two  dimensions. 

•  A  comment  on  the  advantages  of  digitized  pulse 
counting,  as  opposed  to  digitized  current 
measurements;  The  x-ray  systems  in  place  at 
airports  digitize  the  charge  currents  obtained 
when  the  x-ray  beam  strikes  the  detector;  the 
effective  x-ray  aiergy  is  a  convolution  of  the  x- 
ray  energy  spectrum  and  the  detector  efficiency 
function.  Dual  energy  images  can  be  obtained  by 
several  methods,  the  most  straightforward  being 
the  taking  of  sequential  views,  each  at  a  different 
x-ray  tube  potential.  Figure  8.  The  analyses 
obtained  in  this  way  suffer  from  the  problem  of 
"beam  hardening;”  i.e.,  the  lower  energy  x-rays 
are  preferentially  absorbed.  It  is  difficult,  with 
current  digitization,  to  obtain  an  x-ray  image  at 
low  x-ray  energies  where  the  sensitivity  to  atomic 
numbers  is  greatest.  Pulse  counting,  in  which  the 
energy  of  each  detected  x-ray  is  measured  and 
stored,  cures  the  problem.  Dual  energy  analysis 
is  carried  out  with  specific  knowledge  of  the 
detected  energies  and  is  independent  of  beam 
hardening.  The  low-energy  x-ray  image  is 
obtained  at  the  lowest  that  is  practical  for  each 
area  of  the  luggage.  Digitizing  individual  pulses 
at  very  high  rates  in  arrays  of  detectors  was  once 
prohibitively  expensive  but  the  cost  has  come 
down  dramatically  in  recent  years  and  systems 
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with  hundreds  of  detectors,  digitizing  at  rates  of 
10*/sec,  are  practical. 

•  Computerized  axial  tomography:  CAT  scanning, 
so  well  developed  for  obtaining  3-diniensional 
images  of  the  insides  of  people  and  commercial 
objects,  is  now  being  applied  by  Imatron  to  the 
surveillance  of  luggage.  It  is  an  exciting 
development  since  the  voxel  size  is  fixed  by  the 
system  parameters  so  that  the  x-ray  absorption 
yields  the  linear  absorption  coefficients  rather 
than  the  mass  absorption  coefficients.  The  linear 
coefficient,  as  Figure  5  shows,  is  the  more 
informative  parameter.  Only  a  few  common 
materials  such  as  sugar  and  polyurethane  will 
likely  be  contused  with  high-performance  bombs. 

The  present  Imatron  system,  while  considerably  faster 
than  most  CAT  systems  used  for  people,  is  .still  too 
slow  for  use  as  a  screener  at  airports.  Part  of  the 
slowness  is  due  to  deficiencie.s  in  computer  power, 
but  that  will  disappear  in  a  few  years  with  the 
inexorable  advances  in  computer  capabilities.  More 
fundamental  is  the  deficiency  in  x-ray  fluence  which 
is  limited  by  available  x-ray  tubes  and  the  scan  time. 
That  limitation  prompts  a  general  remark  about  the 
development  of  x-ray  systems  for  airport  security. 

•  Automated  x-ray  security  systems:  All  of  the 
present  x-ray  security  systems  are  patched  up  and 
augmented  versions  of  the  original  designs  aimed 
at  thwarting  hijacking  by  showing  security 
personnel  the  clearest  possible  image  of  the 
interior  of  a  suitcase.  The  Imatron  CAT-EDS 
had  its  origin  in  a  portable  medical  scanner, 
where  again,  the  principal  goal  was  clearest 
visual  images.  A  device  or  system  designed  for 
automated  decision  making  rather  than  viewing 
will  likely  have  vety  different  specifications  than 
present  systems.  The  subject  i.s  an  involved  one 
and  1  will  illustrate  my  point  with  but  one 
example. 

In  CAT  imaging,  and  no  doubt  in  other  x-ray 
imaging  systems  as  well,  there  is  a  fundamental 
relationship  between  the  total  fluence  that  passes 
through  the  test  object,  the  limits  in  spatial  re.solution 
AX|,  iuid  the  precision  of  measuring  the  linear 
attenuation  coefficient  AX/X.  Ifiat  relationship  is 
simply 

FT  -  K(Ax)(Ay)(Az)(AXX)  ^  (10) 


where  F  is  the  transmitted  flux  of  x-rays  in 
number/cmVsec,  T  is  the  total  interrogation  time  on 
the  sample  and  K  is  a  constant  that  depends  on  the 
size  of  the  object  and  its  average  X.  The  linear 
attenuation  coefficients  for  explosives  have  a  spread 
of  about  10%  and  there  is  little  to  be  gained  by 
having  the  ability  to  n^^asure  X  to  better  than  say  half 
that  value.  Similarly,  there  is  little  merit  in  having  a 
spatial  resolution  that  is  more  precise  than  is  needed. 
If  our  aim  is  to  find  explosives,  we  should  be 
designing  the  computer  algorithms  to  recognize  a 
volume  of  material  with  x-ray  attenuation  coefficients 
implicative  of  an  explosive.  The  CAT  specifications 
will  then  be  much  less  severe  than  for  image 
visualization  or  object  identification  and  the  fluence 
needed  per  slice,  as  well  as  the  needed  conqiutation 
power,  may  well  be  reduced  by  one  or  two  orders  of 
magnitude.  It  might  be  possible  to  now  design  an 
Imatron-type  system  that  can  fully  scan  every  piece 
of  luggage  in  a  few  seconds.  The  technology  will 
doubtless  require  a  totally  new  x-ray  detector  system, 
though  one  that  is  well  within  the  state-of-the-art. 

4.2  High  Energy  X-Ray  Inaaging 

X-rays  of  80  to  100  kev  are  marginally  capable  of 
examining  the  heavier  and  bulkier  pieces  of  checked 
luggage.  As  the  x-ray  energies  are  raised  so  as  to 
increase  the  penetrating  power,  the  interactions 
become  dominated  by  the  forward  Compton  cross 
section,  which  does  not  give  measure  of  atomic 
numbers  or  masses.  In  older  to  affect  such 
disc.rimination  we  must  inc^^ease  the  energy  into  the 
Mev  range  where  the  pair  production  cross  section  is 
important. 

Several  manufacturers  have  commercial,  Mev-cit.ss, 
x-ray  systems  for  investigating  tbt  itttertof  of  lai'ge 
containers;  sorre  inc-ludb  dual  energy  to  obtain  atomic 
number  information,  and  there  are  even  computerized 
tomographic  systems  availsble.  These  systems  will 
play  no  role  in  checked  or  hand  luggage,  though  they 
may  have  uses  in  scanning  cargo  containers.  If  so, 
they  will  be  boused  in  special  buildings  since  the 
co.tm;oercial  systems  require  large  amounts  of 
iihielding.  The  systems  that  use  10  Mev  ticams  from 
linear  accelerators  are  enormous. 

As  we  have  shown  above,  attenuation  measurements 
awtlc  at  one  energy  can  only  give  tnoqjhologieal 
infomuition.  To  obtain  measure  of  the  atomic 
number  of  the  absorbing  material  one  necd.i  two 
nteasurcimats  taken  at  diffmot  effective  «iergies. 
Khe  ratios  of  attenuation  coefficicots  calculated  at  10 
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Mev  and  5  Mev  for  various  materials  are  shown  in 
Figure  12.  Just  as  with  dual-energy  x-iays,  there  is 
little  difference  in  the  ratios  for  materials  consisting 
of  hydrogen,  oxygen,  cartxm  and  nitrogen.  But 
concrete,  sand  and  metals  show  up  clearly.  The 
discriminating  power  at  energies  in  fhe  Mev  range  is 
at  least  as  great  as  that  in  the  SO  to  100  kev  range. 

4.3  Nuclear  Exdtatioas  by  High-Energy  X-Ray 
Beams 

A  high  energy  x-ray  beam  contains  a  white  spectrum 
of  photons.  At  certain  special  energies  characteristic 
of  the  individual  nuclear  species,  the  nuclear  part  of 
the  interactions.  Equation  S,  becomes  comparable 
with  the  electronic  absorption.  An  excellent  general 
reference  is  F.  Metzger,  Resonance  Fluorescence  in 
Nuclei.’ 

The  probability  for  nuclear  excitation  by  photons  is 
given  by  the  Breit-Wigner  formula: 

ffo(E,)  =  (xV4T)rr,i(E,-Ej’  +  r’/4i>  (ii) 

where  is  the  cross  section  in  cm’,  X  is  the  wave 
length  of  the  photon  in  cm.,  F  is  the  total  width  of 
the  state  being,  excited  and  Fy  is  the  partial  width  for 
deexcitation  to  the  ground  state.  E„  is  the  energy  of 
the  eigenstate  and  Ey  is  the  energy  of  the  pbotoa; 
spin  tomis  have  been  omitted. 

The  maximum  cross  section,  a,,  occurs  when  the 
photon  energy  is  exactly  on  resonance  (By-E„  =  0). 

<r„(Ey=Ej  ==  XVir£y.  °  tx 

V  E,’  r  (12) 

where  is  in  barns  (10’*  cm’)  and  E„  is  in  MeV; 
spin  dependent  termti  have  again  been  omitted.  If 
the  excited  alale  only  dccay,s  to  the  ground  state  then 
Fy/F  =  1  and  a  10  Mev  state  can  have  an  absorption 
ctO-ss  section  of  order  50  barms,  which  is  100  tiroes 
the  electronic  stopping  cross  .section  for  10  Mev 
photons  in  light  materials. 

Table  2  lists  .son«5  of  the  states  in  carbon,  nitrogen 
and  oxygen  that  are  candidates  for  resonance 
Huorescencc.  Tlie  date  have  been  taken  from  the 
Nuclear  Physics  artides  of  Ajzenbeig-Selovc.  ‘  Note 
that  the  widths  of  the  .stete,s  vary  over  factors  of  i(f, 
from  milU-dcctron  volts  (roe>v)  to  kilo-«lectron  volts 
(kev). 


The  Erst  column  gives  the  energy  of  the  states;  e.g., 
the  first  excited  state  of  carbon  is  at  4.4  Mev.  The 
^in  and  {nrity  of  the  states  are  given  in  the  2nd 
column.  Column  3  displays  the  total  width  of  the 
states,  while  the  partial  width  for  the  transition  to 
take  place  directly  to  the  ground  state  is  given  in 
colunm  4.  Column  5  gives  the  maximum  gamma  ray 
absorption  cross  section,  in  barns,  including  the 
effects  of  spin.  The  last  column  gives  a  figure  of 
merit  for  excitation,  defined  as  the  total  width  in 
electron  volts  multiplied  by  the  peak  cross  section  in 
bams. 

Consider  the  example  of  the  15. 1 1  Mev  state  of  *’C. 
Its  width  is  43.6  electron  volts  and,  once  formed  it 
decays  mainly  to  the  ground  state  emitting  a  15.11 
Mev  photon.  The  peak  cross  section  is  29  barns, 
almost  100  times  the  electronic  cross  section.  That 
is,  at  the  precise  energy  of  resonance,  the  mass 
absorption  coefficient  due  to  nuclear  excitation  is 
1 .45  em’/g,  while  the  mass  absorption  coefficient  due 
to  the  Compton  plus  pair  production  effects  is  only 
0.018  em’/g.  At  this  energy,  the  mean  free  path  in 
carbon  is  only  7  mm,  rather  than  55  cm,  which  it  is 
at  energies  only  a  100  electron  volts  away. 

There  are  a  number  of  ways  of  exploiting  nuclear 
resonance  absorption  to  mea.sure  the  concentration  of 
particular  nuclei.  One  way,  that  utilizes  the  high 
energy  x-ray  beam  discussed  above,  is  outlined  here; 
a  fuller  discussion  will  be  the  subject  of  a 
forthcoming  paper. 

Figure  13  shows,  in  .schematic  form,  an  EDS  method 
that  utilize,s  a  high  energy  x-ray  beam  to  measure 
simultaneously  the  distribution  of  the  bulk  material 
and  projected  concentrations  of  a  number  of  eletuents 
in  a  cargo  container. 

A  highly  collimated  x-ray  beans,  produced  by 
oloctrom  of  .say  10  Mev,  is  attenuated  on  passing 
through  a  cargo  container  that  contains  carbon, 
oxygen  and  nitrogen.  (The  methtxl  also  applies  to 
other  elements,  in  particular  chlorine.)  The  idealized 
incident  spectrum,  shown  in  the  top  right  of  the 
figure  is  attenuated  by  electronic  interactions  to 
produce  the  fictional  transmitted  spectrum  shown.  At 
certain  specific  narrow  energy  bins,  corresponding  to 
the  nuclear  excitations  in  carbon,  oxygen  and 
nitrogen,  there  are  sharp  dip,s  in  the  spectrum.  For 
example,  oxygen  should  show  u  dip  at  an  energy  of 
6.917  Mev;  nitrogen  .should  have  a  dip  at  9. 17  Mev, 
and  carbon  dip  at  4.4  Mev.  To  mea.sure  the  strength 
of  the  absorption  we  proprn^  to  use  resonant 
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detectors  that  are  sensitive  only  to  the  resonant 
energies  and  insensitive  to  the  non-resonant  photons. 

An  example  of  a  resonant  detector  for  oxygen  is 
shown  in  Figure  14.  An  oxygen  target,  such  as 
water,  is  placed  in  the  path  of  the  beam  exciting  the 
cargo  container.  Emerging  from  the  sides  of  the 
water  target  are  the  Compton  scattered  photons, 
annihilation  radiation,  and  the  6.917  Mev  gamma 
rays  that  deexcite  the  'K)  nuclei  that  have  been 
excited  by  the  x-ray  beam.  The  energy  of  the 
annihilation  radiation,  produced  by  the  positrons 
created  in  pair  production,  is  concentrated  at  0.511 
Mev,  a  factor  of  14  below  the  gamma  ray  energy. 
The  energies  of  the  Compton  scattered  photons 
depend  on  the  angle  of  scattering;  at  scattering  angles 
of  90°  and  180°,  the  maximum  energies  are  0.511 
Mev  and  0.255  Mev  respectively.  Thus,  if  we  view 
the  water  target  from  the  back  direction  with  a  well 
shielded  detector,  as  shown  in  the  figure,  we  should 
be  able  to  measure  the  strength  of  the  nuclear 
interactions  in  the  cargo  container  as  signaled  by  the 
yield  of  6.917  Mev  fluorescent  gamma  rays  from  the 
water  target.  The  signal  to  background  strengths, 
calculated  with  Monte  Carlo  codes,  indicate  that  it 
should  be  possible  to  scan  cargo  size  containers  in 
less  than  5  minutes  to  produce  quantitative  images  of 
the  projected  densities  of  the  elements  of  most 
interest. 

4.4  Soreq  Method  of  Nuclear  Resonant 
Absorption 

The  final  topic  in  this  survey  of  photon-photon 
methods  of  EDS  is  the  Soiuq  method  of  finding 
nitrogen  through  the  use  of  the  9.17  Mev  nuclear 
gamma  ray  resonance.  Figure  15  is  a  schematic 
depiction  of  the  method.  The  basic  idea  has  been 
described  earlier.^  We  address  here  two  recent 
advimces  that  have  not  previously  been  reported. 

Gamma  rays  of  precisely  the  right  energy  to  excite 
the  9.172  Mev  state  in  '^N  nuclei  are  passed  through 
the  examined  luggage.  If  nitrogen  is  present,  those 
gamma  rays  will  be  absorbed;  the  amount  of 
absorption  is  a  measure  of  the  projected  nitrogen 
concentration  in  the  luggage. 

The  requisite  gamma  rays  are  obtained  by  the 
resonant  capture  of  1 .7476  Mev  protons  by  ’’C.  That 
is, 

1.7476  Mev  p+'‘C  -*  '*N*(9.172  Mev)  -»  14N+9.172Mev  y. 


The  lifetime  of  the  9. 172  Mev  state  is  so  short  tha^. 
the  deexcitation  gamma  ray  is  emitted  before  the 
recoiling  nucleus  can  slow  down  and  the  fluorescent 
ganuna  ray  suffers  a  Doppler  shift  proportional  'o  the 
cosine  of  the  emission  angle  with  respect  to  the  beam 
direction.  Every  gamma  ray  emitted  at  a  cone  angle 
of  80.5°  has  precisely  the  right  energy  to  excite 
nitrogen  nuclei  in  luggage. 

The  Soreq  method  is  powerful  with  many  striking 
merits.  The  radiation  levels  are  extremely  low; 
neither  neutrons  nor  radioactivity  are  produced;  the 
method  cannot  be  thwarted;  a  normal  radiographic 
image  is  produced  together  with  the  image  of  the 
projected  nitrogen  concentration;  the  qiatisl  resolution 
in  the  projected  direction  is  exceUrat.  The  method 
has  two  obvious  disadvantages.  First,  the  yield  from 
the  production  reaction  is  low  so  that  exceptionally 
high  currents  of  protons  are  needed  if  luggage  must 
be  scanned  in  a  few  seconds.  Second,  the  method  is 
keyed  to  nitrogen,  which  is  not  a  unique  maricer  for 
explosives.  We  have  begun  to  address  both  those 
concerns.  The  following  is  the  briefest  of  progress 
r^rts. 

•  The  accelerator  target:  The  primary  reason  for 
the  low  yield  of  9. 172  Mev  gamma  rays  (about  1 
in  10*  protons)  is  that  the  effective  thickness  of 
the  target  is  equal  to  the  resonant  width  of  140 
e.v.;  i.e.  about  1  iiglcts^.  We  have  been 
exploring  the  possibility  of  amplifying  the  output 
by  using  multiple  foils  (or  gas  cells)  and 
reacceleratmg  the  protons  in  the  path  between  the 
foils  (or  gas  cells).  Figure  16  shows  a  schematic 
drawing  of  the  basic  idea  for  a  5  element  target 
with  a  magnetic  field  to  suppress  the  electrons. 

Celeste  Chang  and  I  have  carried  out  a  detailed 
theoretical  analysis  of  the  limits  of  the  amplification 
factors  imposed  by  energy  straggling  and  multiple 
scatterings  in  the  foils.  The  conclusion,  detailed  in 
Chang’s  Senior  Thesis*,  is  that  amplification  factors 
greater  than  50  will  be  difficult  to  attain,  primarily 
because  of  energy  straggling  in  the  foils;  the  5 
element  target  of  Figure  16  is  expected  to  have  a  gain 
of  about  4.  The  major  unknowns  are  the  practical 
ones;  How  long  will  thin  carbon  foils  last  under  the 
intense  beams?  How  thin  can  one  make  a  stack  of 
thin  foils?  How  easy  is  it  to  replace  ruptured  foils? 
Can  we  deal  effectively  with  the  second^  electrons 
emitted  from  the  foils? 

Oxygen  Concentrations.  The  6.9  and  7.1  Mev  states 
in  '*0  have  excellent  resonant  absorption  properties 
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and  the  states  have  been  studied  in  some  detail  by 
resonance  techniques.  We  have  been  examining  the 
practicality  of  using  the  same  1.7  Mev  proton  beam, 
used  for  measuring  nitrogen  distributions,  for 
measuring  the 

The  central  idea  is  to  make  use  of  the  fact  that  the 
6.9  and  7. 1  Mev  states  in  can  be  produced  by  the 
reaction  of  0.5  to  1.7  Mev  protons  on  The 
reaction,  which  has  many  resonances,  proceeds  as 
follows; 

*’F  +  p  -*  ^Ne*  -*  ‘*0*  +  Of. 
i«0*  -*  *«0  +  6.9  Mev  y 

The  6.9  Mev  (and  7. 1  Mev)  gamma  rays  are  Doppler 
broadened  by  about  100  kev  on  emission  from  the 
hist  moving  nuclei  and  only  about  1  gamma  ray 
in  10,000  is  in  resonance.  To  detect  the  resonant 
signal  we  again  need  a  resonant  detector  but  this  time 
it  can  have  close  to  4t  efficiency  since  the  count 
rates  are  moderate  and  the  incident  gamma  rays  are 
nearly  monochromatic.  A  schematic  drawing  of  the 
method  is  shown  in  Figure  17. 

Whitney  Edmister  and  I  have  modeled  this  method  on 
a  computer  to  determine  its  merits  and  limitations. 
Our  conclusion,  detailed  in  Edmister’s  Senior 
Thesis*,  is  that  it  is  practical  to  use  a  composite  target 
of  ’’C  plus  ‘*F  and  a  single  beam  of  1.7  Mev  protons 
to  detect  both  the  projected  nitrogen  density  and  the 
projected  oxygen  density.  The  efficiency  of  the  latter 
is  significantly  smaller  than  that  of  the  former, 
however,  so  that  the  measurement  of  oxygen  can 
neither  be  carried  out  quickly  nor  with  high 
resolution.  What  does  iqrpear  practical  with  the  same 
accelerator  system  is  to  investigate  the  nitrogen 
quickly,  with  high  resolution.  If  an  area  of  a  bag  is 
suspect,  it  would  be  investigated  over  longer  periods 
of  time  with  the  special  oxygen  detector. 

5,  A  POSSIBLE  SECURITY  SYSTEM 

During  the  past  decade,  a  wide  variety  of  methods 
have  been  proposed  for  finding  explosives  in  airport 
luggage.  Some  of  these  methods  have  gone  beyond 
the  proof-of-principle  phase  to  the  prototype  phase, 
and  a  few  are  in  commercial  production.  And  as  this 
conference  makes  abundantly  clear,  there  is  no  lack 
of  new  ideas  for  explosive  detection  schemes.  In  the 
fullness  of  time  and  funding,  the  nation  will  have  an 
automated  explosive  detection  system  that  will  meet 
the  most  stringent  requirement.s  of  security.  In  the 
meanwhile,  I  suggest  that  we  are  within  reach  of 


having  a  practical,  semi-automated  airport  security 
system  that  will  be  a  strong  deterrent  to  terrorists, 
even  though  it  is  not  the  ultimate  that  we  desire.  My 
scenario  does  not  include  future  technologies. 
Nuclear  techniques,  despite  their  promise,  are  not  yet 
at  the  stage  to  be  considered  for  today’s  EDS. 

The  flow  diagram  for  the  suggested  system  is  shown 
in  Figure  18.  Every  piece  of  luggage  must  be 
examined  in  the  presence  of  the  passenger.  The  most 
obvious  place  for  the  system  is  close  to  the  check-in 
counter.  ITie  system  consists  primarily  of  a  series  of 
x-ray  detectors  that  would  look  quite  similar  to  the  x- 
ray  systems  passengers  go  through  now.  Every 
passmiger  must  be  profiled.  Every  bag  must  be 
passed  through  a  series  of  detectors  each  of  which 
has  a  special  as  well  as  a  general  purpose. 

•  The  first  line  of  defense  is  the  profiling  and  the 
questioning  of  the  passengers.  I  doubt  if  we  will 
ever  give  up  this  primary  hurdle. 

•  The  second  line  of  defense  is  an  x-ray  sy.stem 
designed  specifically  for  detecting  detonators. 
Detonator  detectors  may  never  be  perfect  but 
even  those  presently  available  are  better  than  no 
detonator  detector  system  at  all. 

•  The  third  line  of  defense  is  a  Compton 
backscatter-transmission  system  whose  primary 
function  is  to  examine  the  near  surfaces  for 
potential  thin  explosive-like  material.  I  expect 
that  that  would  not  be  difficult  to  do  with 
computer  software  but  until  that  is  proven,  the 
examination  should  be  visual.  One  can  expect 
that  this  system  will  be  implemented  with  dual¬ 
energy  ciqubilities  in  the  not  distant  future.  The 
AS&E  system  purports  to  do  much  more  than 
find  contraband  in  surfaces,  and  that  is  all  to  the 
good.  But  the  primary  purpose  of  the  detector  in 
the  present  EDS  is  to  find  what  other  detectors 
cannot. 

•  The  fourth  line  of  defense  is  a  multi-view,  multi¬ 
energy  x-ray  examination  whose  primary  function 
is  to  ascertain  whether  there  are  potential  blocks 
of  low-z  material  that  have  the  critical  mass. 

•  Any  or  all  of  the  three  x-ray  systems  should  be 
able  to  automatically  detect  the  possible  presence 
of  batteries  and  wires. 
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•  All  systems  must  alarm  if  there  is  a  potential  for 
camouflaging,  and  must  alert  the  operators  as  to 
the  suspect  areas. 

•  The  first  generation  systems  will  have  substantial 
problems.  There  will  surely  be  high  false  alarm 
rates  that  will  necessitate  hand  searches.  But 
these  rates  will  fall  with  each  improvement  in 
hardware  and  software,  and  with  the  integration 
of  each  device  with  the  rest.  The  critical 
questions  are  whether  the  false  alarm  rates  of  a 
mature  system  will  be  tolerable  and  whether  the 
detection  probabilities  will  be  high;  I  predict  that 
the  answer  to  both  questions  will  be  yes.  I 
emphasize  that  the  tests  for  explosives  must  not 
only  be  the  conventional  ones  to  determine  that 
the  system  will  alarm  when  explosives  are 
introduced  into  "standard"  bags,  but  that  the  tests 
include  those  by  a  "red"  team  that  is  trying  its 
best  to  defeat  the  system. 

•  Alarming  luggage  should  be  charmeled  to  one  of 
several  possible  detectors,  including,  finally,  a 
hands-on,  vapor-detector  search  of  the  opened 
suitcase.  CAT  scarming  to  carefully  examine  a 
few  individual  areas  of  a  bag  should  be  available 
soon.  Coherent  x-ray  scattering  to  examine 
suspect  parts  of  a  bag,  e.specially  "black  boxes" 
that  can’t  be  conveniently  opened,  should  also  be 
available  in  the  not  distant  future. 

In  sum  1  believe  that  we  already  have  sufficient 
technology  to  implement  a  creilible  security  system  at 
or  close  to  the  check-in  counters.  Wliat  is  required 
is  the  early  installation  and  testing,  under  airport 
conditions,  of  each  new  x-ray  system  that  advances 
the  state  of  the  art  of  EDS.  The  testing, 
improvement  and  retesting  should  be  a  cooperative 
venture  of  the  FAA,  the  manufacturer,  the  airport 
security  people,  and  an  independent  testing  team  who 
will  make  the  final  judgements. 
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CorreUtloB  of  Oxygen  Density  and  Nitrogen  Density 
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Rgure  1.  The  atomic  densities  of  nitro^n  and  oxygen  are  plotted  for  a  number  of  types  of 
explosives  (black  squares),  clothing  (crosses),  plastics  (open  circles),  and  miscellaneous 
(o^n  triangles). 
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Correlation  of  Hydrogen  Density  versus  Carbon  Density 
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Figure  2,  The  atomic  densities  of  cartwn  and  hydrogen  are  plotted  for  a  number  of  types  of 
explosives  (black  squares),  clothing  (crosses),  plastics  (open  circles),  and  miscellaneous 
(open  triangles). 
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Correiatioa  of  Oxygen  Deiisity  v«  Carboo  Density 
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Figure  3.  The  atomic  densities  of  carbon  and  oxygen  arc  plotted  for  a  number  of  types  of 
explosives  (black  squares),  clothing  (crosses),  plastics  (open  circles),  and  miscellaneous 
(open  triangles). 
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Mim  Abiofftloa  Co*ff1cl«at  (M  K«v  X-rsyt)  vi  Doarity  for  Vmrioa*  MatariaU 


Figure  4.  The  mass  attenuation  coefficients  are  plotted  against  the  density  of  explosives 
(black  circles)  and  innocent  materials  (open  circles).  Illicit  substances  (cokeHCl  and 

cocaine,  open  circles)  have  li  and  p  similar  to  explosives. 
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Figure  5.  The  linear  attenuation  coefficients  are  plotted  against  the  density  of  explosives 
(black  circles)  and  non-explosives  (open  circles). 
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Linear  Array  of  X-Ray  Detectors 


X-Ray  Energy  Spectra 

Figure  6.  Schematic  of  a  single  view,  single  mean  x-ray  energy  system  used  for  the 
surveillance  of  luggage  at  airports.  The  lower  figure  depicts  the  change  in  the  x-ray 
spectrum  resulting  from  the  absorption  in  the  luggage  being  investigated. 
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Figure  7.  Sketch  showing  the  parameters  of  x-ray  absorption  through  a  rectangular  block 
of  uniform  material  of  mass  M,  density  r,  thickness  t  area  a,  atomic  number  Z,  and  atomic 
weight  A.  The  incident  beam  flux  Iq  ^hotons/cm2/sec)  has  an  area  ai  so  that  there  are  N  = 
a/ai  pixels  covering  the  block. 
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Linear  Array  of  X-Ray  Detectors 


Dual-Energy  X-Ray  Absorption  Analysis 


Figure  8.  A  schematic  of  a  dual-cnerjgy  system  in  which  the  anode  voltage  and  the  anode 
material  aie  both  changed  to  obtain  different  mean  energy  spectra. 
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Two-Dimensionai  X-Ray  Scanning 


Linear  Array  of  X-Ray  Detectors 

Figure  10  A  schematic  of  a  two-view  system  using  two  separate  x-ray  sources  and  detector 
arrays  arranged  orthogonally. 
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1  inear  Array  of  X-Ray  Detectors 


X>ray  Source 


Compton  Backscatter  Detectors 


/  Compton  Scattered  X>Rays 


Photoelectric  Absorption 


Transmitted  X-Rays 


Rgure  1 1.  A  schematic  of  the  x-ray  transmission  plus  back-scatter  Compton  method.  The 
x-ray  beam  is  raster  scanned  perpendicular  to  the  direction  of  the  bag's  travel.  The  x-ray 
counts  in  the  detectors  are  registered  in  time  with  the  beam  position  to  give  images  of  the 
transmitted  and  backscattered  intensities. 
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Dual  Energy  (10  Mev:  5  Mev)  Discrimination 
For  a  Number  at  Materials  and  Elements 


various  materials 


225 


Resonant 

Detector 


Energy  of  Photons 


Photon  Spectrum  in 
Resonant  Detector 


Energy  of  Photons 

Figure  13.  Schematic  drawing  of  a  method  for  investigating  car^o  containers  for 
explosives  and  other  contraba^  using  nuclear  resonant  absorpuon. 
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Figure  14  Schematic  drawing  of  a  resonant  detector  sensitive  to  the  photons  that  can 
resonantly  fluoresce  in  the  scatterer. 
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Figure  15.  A  schematic  drawing  of  the  gamma-ray  resonance  absorption  method  using  the 
9.17  Mev  y-ray  of  produced  by  proton  absorption  on 
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Figure  16.  An  accelerator  target  for  amplifying  the  yield  of  9.17  Mev  gamma  rays  from 
14N  excited  by  1.7  Mev  protons. 
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Figure  17.  A  schematic  drawing  of  a  nuclear  gamma  ray  resonance  absorption  scheme  for 
measuring  the  oxygen  in  luggage,  using  the  same  accelerator  and  baggage  handling  system 
as  used  for  the  Soieq  scheme  of  resonance  absorption  in  nitrogen. 


Profiling 


Figure  18.  A  flow  diagram  of  a  possible  semi-automated  system  for  detecting  explosives 
in  luggage  at  airports. 
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IMAGE  ENHANCEMENT  TECHNIQUES 


Dr.  Max  Robinson  and  Mr.  Paul  Evans 
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1.  INTRODUCTION 

X-ray  images  are  by  their  very  nature  difficult  to 
understand.  Interpretation  of  these  images  is  based 
solely  on  shape  and  grey  shade  information.  For 
most  security  applications  these  images  are 
presented  on  standard  video  monitors. 

Not  only  do  the  images  usually  contain  no 
information  concerning  3-D  space  they  are  often 
presented  in  ways  that  have  paid  little  heed  to  the 
psychology  of  the  human  visual  system. 

Two  distinctly  different  developments  are 
considered  in  this  paper  both  of  which  provide  x- 
ray  information  in  ways  which  make  human 
interpretation  an  easier  task. 

2.  X-RAY  IMAGE  ENHANCEMENT 

Most  security  x-ray  systems  currently  in  use  aie 
capable  of  providing  at  least  256  grey  levels  of 
infonnation.  This  is  a  convenient  8  bits  of  digital 
sampling  which  has  become  a  common  standard 
with  which  to  work.  However,  a  human  observer 
IS  incapable  of  discriminating  grey  level  differences 
with  such  contrast  sensitivity.  For  example,  some 
.security  x-ray  .sy.stems  will  display  16  grey  level 
bars  at  start  up,  ranging  from  v/hat  the  display 
determines  as  complete  black  to  complete  white. 
Each  of  these  grey  level  bars  con.sists  again  of  16 
more  grey  levels  giving  256  in  all  (ie  16  x  16). 
This  extra  detail  is  not  readily  discemable  by  a 
human. 

It  is  not  possible  to  put  an  absolute  figure  on  the 
contraid  sensitivity  of  the  human  eye  ::'nce  so  much 
depends  upon  the  viewing  conditions.  Even 
a.s.suming  a  very  liberal  figure  for  this  of  1% 
contrast  difference"'  this  still  only  repre-sents  a  40% 
discrimination  in  256  levels  of  grey.  Viewing  a 
video  nvmitor  in  typical  artificial  ambient  lighting 


may  well  reduce  this  contrast  sensitivity  quite 
considerably. 

In  order  to  present  all  the  grey  level  information 
that  the  machine  has  detected  in  a  manner  that  can 
be  discriminated  by  a  human  observer  p  number  of 
image  processing  routines  have  been  developed.  It 
has  been  found  that  no  one  particular  routine  is 
ideal  for  every  image  situation,  nor  in  any  given 
situation  do  all  observers  favour  one  specific 
display.  It  has  also  been  important  to  ensure  that 
the  operational  environment  and  practices  are  not 
unduly  altered  by  using  such  techniques.  In 
addition,  although  powerful,  digital  image 
processing  is  employed  an  operator  does  not  have 
to  be  computer  literate  to  operate  it.  No  keyboard 
exists,  but  rather  a  simple  operator  input  device 
which  allows  interactive  control  of  the  image. 

This  work  has  reached  the  stage  where  fully 
opeiational  equipment  is  available  and  currerdy  in 
use  at  certain  security  installations  in  the  UK. 

3.  THREE  DIMENSIONAL  X-RAY  SYSTEMS 

Work  has  been  carried  out  for  a  number  of  years 
Oil  the  development  of  three-dimensional  (ie 
bincKular  stereoscopic)  imaging  systems  based  on 
closed  circuit  television  cameras.  Tlie  main 
application  areas  of  this  technology  has  been  in 
remote  control  vehicle  guidance  and  manipulator 
arm  control  in  hazardous  environments  *’*.  Much 
of  the  attention  in  thi.s  work  has  been  directed  to 
the  develonment  of  suitable  image  .sen.sor  packages. 
Over  a  period  of  lime,  considerable  expertise  tuts 
been  built  up  on  the  production  of  novel 
stereoscopic  .sensors 

As  a  natural  extensi''.(i  of  this  work  anJ  as  the 
re.sult  of  a  requirement  by  HM  Cusloi.is  Sc  Exci.se. 
a  prototype  .sereo,scopic  x-ray  s  stem  was 
produced  This  wa;  based  on  linear  array 
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detectors  and  is  effectively  a  three-dimensirmal 
imaging  system  using  one-dimensiona!  sensors. 

In  recmt  years  the  security  industry  has  become 
used  to  using  new  types  of  linear  array  in  x*ray 
screening  equipment.  Two  particular  developments 
are  the  use  of  folded  arrays  for  conqilete  tunnel 
coverage  and  dual  energy  sensors  for  materials 
identification. 

A  project  is  currently  under  way  with  the 
Department  of  Transport  and  the  Home  Office  to 
develop  a  3-D  x-ray  machine  incorporating  both  of 
these  features,  A  theoretical  design  has  already 
been  produced  and  work  has  now  commenced  on 
the  construction  of  the  machine.  Further  mention 
of  this  will  be  made  in  Section  3.6. 

In  order  to  put  into  context  the  new  three- 
dimensional  x-ray  system,  a  brief  description  of  the 
way  in  which  humans  perceive  the  3-D  world  will 
be  presented. 

3.1  Three-Dimensional  Human  Vision 

Human  beings  determine  the  positions  of  objects  in 
the  real,  three-dimensional  world  via  a  variety  of 
distinctly  different  depth  cues.  Some  of  these  are 
purely  psychological  such  as  interposition,  linear 
perspective  and  the  effects  of  shades  and  shadows. 
In  general,  it  is  relatively  easy  to  disguise  the 
reality  of  a  situation  when  only  psychological  cues 
are  used.  However,  a  number  of  powerful 
physiological  depth  cues  are  also  available  to  enable 
us  to  determine  the  relative  positions  of  objects  in 
space. 

Prominent  amongst  these  are  the  linked  binocular 
mechanisms  of  convergence  and  accommodation 
and  also  monocular  movement  parallax.  The  most 
powerful  cue  employed  by  humans  over  a  short 
range,  however,  is  that  of  binocular  parallax. 
Simply  put,  this  means  that  objects  at  different 
distances  from  an  observer  will  have  images  on 
each  retina  having  different  relative  lateral 
separations.  The  eyes  are  capable  of  discriminating 
very  small  variations  in  this  parallax  information 
and  translating  them  into  depth  information. 

3.2  Three-Dimensional  Computer  Graphics 

The  computer  graphics  fraternity  have  in  recent 
years  advertised  their  products  as  having  a  three- 
dimensional  capability.  In  most  instances  this  has 


not  meant  a  binocular  stereoscopic  di^Uy.  There 
is  now  effectively  a  crisis  of  terminology  because 
of  this.  A  computer-aided  design  (CAD)  system 
having  a  so  called  three-dimeosioDal  di^Uy  usuaQy 
means  that  certain  psydiologicftl  dq>th  cues  such  as 
linear  perspective  arid  interpositioa  have  been 
introduced.  Even  with  die  addition  of  the  effects  of 
shading  and  shadows,  the  di^lays  contain  fewer 
three-dimensional  dqith  cues  than  a  broadcast 
television  signal.  It  is  inconceivable  that  any 
television  station  would  claim  that  their  current 
transmissions  are  (hree-dimeosional. 

A  few  notable  exceptions  exist,  however,  whwe 
CAD  systems  do  produce  full  stereoscopic  images, 
but  the  step-up  in  computing  power  necessary  to 
manipulate  such  an  image  from  diat  required  for  a 
pseudo  three-dimensional  image  is  quite 
considerable. 

Caution  must  be  exercised,  therefore,  when  claims 
of  thiee-dimensicmal  capability  are  made  to 
establish  exactly  what  combinaticHi  of  d^th  cues 
are  being  presented. 

3.3  Three-Dimensional  X-Ray  linages 

X-ray  imaging  in  a  variety  of  forms  has  become  a 
standard  arudytical  technique  in  many  diverse 
fields.  Prominent  amongst  these  are  the 
multiplicity  of  uses  employed  by  the  medical 
profession  and  also  the  many  af^lications  of  quality 
control  and  assessment  used  in  industrial  non¬ 
destructive  testing  (NDT). 

In  all  of  these  situations,  except  for  a  few  specific 
laboratory  set-ups,  the  images  produced  ate  two- 
dimensional  in  nature.  Intmpietatimi  of  tfaeae 
images,  whether  from  photographic  film  or  mote 
recently  from  a  variety  of  disp’r-y  monitors,  is 
based  solely  on  flat  image  shape  and  grey  level 
information  related  to  the  penetration  of  the 
particular  range  of  x-ray  energies  being  enq>loyed. 

X-ray  imagery  is  unique  in  that  many  of  the  usual 
powerful  three-dimensional  dq>th  cues  that  humans 
are  able  to  extract  from  two-dimensional  images 
are  missing.  Examples  of  these  cues  are 
interposition,  the  effects  of  shading  and  shadows, 
texture  gradient  and  to  some  extent,  linear 
perspective.  Almost  all  of  these  cues  and  others 
are  available,  for  example,  in  an  ordinary 
photograph.  The  difference  is  that  a  (Aotogiaph  is 
produced  by  reflected  light  whereas  an  x-ray 
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picture  is  derived  from  transmitted  radiation.  This 
consequent  loss  of  depth  cues  am,  and  does,  cause 
serious  ambiguities  to  arise  in  the  interpretation  of 
conq^lex  images. 

Attempts  to  overcome  this  inherent  problem  with  x- 
ray  imagery  have  in  the  past  involved  using  bulky 
equipment,  employing  tedious  operating 
procedures,  and  have  usually  been  time-consuming 
and  expensive. 

For  example,  stereoscopic  pairs  of  x-ray  plates 
have  been  produced  by  the  medical  world  in  the 
past.  They  usually  require  the  patient  to  be 
motionless  for  some  considerable  time  whilst  each 
perspective  view  (left  and  right)  is  taken 
sequentially.  Further  delays  occur  before  the 
images  may  be  viewed,  usually  via  a  stereoscope, 
and  should  any  three-dimensional  measurements  be 
required,  then  the  use  of  some  kind  of  stereo- 
comparator  would  be  necessary. 

Pseudo  three-dimensional  x-ray  images  are 
currently  derived  from  standard  computer 
tomography  (CT)  samners.  These  enhanced 
images  are  not  readily  available  since  they  are  very 
computer  intensive  and  consequently  costly  in  their 
production.  They  involve  the  introduction  of  a 
number  of  depth  cues  into  the  images  by 
"computer-aided  joining  together  *  of  a  number  of 
CT  scan  slices.  This  is  obviously  an  approximation 
since  any  irregularity  between  adjacent  slices 
cannot  be  seen. 

A  major  departure  from  all  these  techniques  has 
been  the  development  of  a  three-dimensional  (ie. 
binocular  stereoscopic)  x-ray  system  based  on 
linear  arrays.® 

In  the  normal  two-dimensional  mode  of  operation 
a  linear  array  x-ray  system  operates  as  follows.  A 
thin  collimated  curtain  of  x-rays  is  derived  from  an 
x-ray  source  and  targeted  onto  the  linear  detector. 
Relative  movement  now  beft^'een  the  object  to  be 
imaged  and  the  x-ray  beam  causes  an  image  to  be 
built  up  when  the  linear  detector  electronically 
scans  in  synchronism  with  the  speed  of  object 
movement.  The  digitised  image  information  which 
is  captured  is  then  loaded  directly  into  a  frame 
store.  The  three-dimensional  version  of  this 
technique  can  take  two  forms,  either  of  which  are 
able  to  acquire  a  left  and  right  perspective  view  of 
the  object  under  inflection  during  one  single  pass. 


In  one  configuration  two  linear  detectors  and  two 
x-ray  sources  are  used.  A  more  elegant  technique, 
however,  is  to  use  only  one  x-ray  source  and  to 
derive  two  collimated  beams  from  it;  again  two 
linear  detectors  are  required.  The  amount  of  depth 
perceived  in  the  stereoscopic  image  by  an  observer 
will  be  controlled  to  some  extent,  but  not  entirely, 
by  this  x-ray  beam/linear  detector  array  geometry. 

Solutions  to  the  problems  of  manipulating  the  x-ray 
intensity  information  received  from  two  sensors, 
which  are  usually  scanning  different  parts  of  the 
same  object  at  the  same  time,  and  of  designing  the 
x-ray  beam  geometry  such  that  successful 
reconstruction  of  real  three-dimensional  image  of 
an  object  is  possible,  have  been  derived. 

3.4  Viewing  The  Image 

The  method  selected  for  observing  the  three- 
dimensional  x-ray  image  is  known  variously  as  the 
time  division  or  field  sequential  type  of  display. 
The  technique  takes  advantage  of  the  interlace 
facility  used  in  normal  video  displays  and  the  short 
retention  memory  capability  to  visual  stimuli  of  the 
human  eye/brain  combination.  Left  and  right 
perspective  views  are  displayed  sequentially  on  the 
monitor  screen  whilst  the  observer  views  that  image 
through  liquid  crystal  glasses  which  are  switching, 
transparent  and  opaque  in  synchronism  with  the 
display.  The  speed  of  switching  is  at  twice  the 
standard  video  rate  and  so  a  solid  3-D  image 
without  any  perceived  flicker  is  observed.  An 
alternative  method  used  has  been  to  place  an  active 
liquid  crystal  plate  in  front  of  the  monitor  screen 
and  then  to  view  the  image  using  polaroid 
(circularly  polarized)  glasses.  The  left  or  right 
two-dimensional  image  can  also  be  viewed  in  this 
way. 

Two  interesting  and  useful  phenomena  have  been 
observed.  Firstly,  since  normal  x-ray  images 
contain  very  few,  if  any,  depth  cues,  it  has  been 
shown  that  by  altering  the  phase  of  the  viewing 
glasses  (ie.  presenting  left  eye  information  to  the 
right  eye  and  vice  versa)  a  three-dimensional  view 
of  the  object  from  the  opposite  side  may  also  be 
obtained.  Quite  simply  one  may  observe  the  three- 
dimensional  image  of  the  object  from  the  position 
of  the  x-ray  source,  or  alternatively  the  position  of 
the  linear  detectors.  This  is  possible  since  the  only 
depth  cue  being  presented  is  binocular  parallax. 
This  technique  would  not  work  with  a  stereoscopic 
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image  derived  ftom  television  cameras  since  other 
conflicting  depth  cues  would  also  be  presented. 

A  second  useful  artefact  of  the  images  is  an 
apparent  pseudo-movement  parallax.  Normally, 
movement  parallax  manifests  itself  as  an  increased 
movement  of  foreground  object  relative  to 
background  whra  an  observer  moves  laterally  with 
respect  to  a  scene.  In  stereoscopic  images  an 
"apparent”  greater  movement  of  die  background 
occurs.  This  can  be  used  as  a  powerful  depth  cue 
especially  for  complex  images.  Other  effects  are 
also  possible  such  as  electronically  "shifting"  the 
image  in  and  out  of  the  monitor  screen.  This 
technique  ensures  that  the  complete  stereoscopic 
depth  of  field  is  utilised. 

3.5  Measurement  in  Stereoscopic  Displays 

A  technique  has  been  developed  for  measuring  x, 
y  and  z  coordinates  in  stereoscopic  video  images 
The  method  uses  measuring  maricers  inserted  into 
the  left  and  right  perspective  views.  The  disparity 
information  obtained  in  this  way  of  conjugate  points 
in  each  image  is  a  measure  of  the  z-coordinate.  It 
is  necessary  to  calibmte  the  system  initially  in  order 
to  eliminate  distortions  in  the  display  due  to 
geometrical  misalignment,  the  electron  optics  of  the 
display  and  the  inherent  distortion  due  to  point 
source  illumination  in  an  x-ray  image. 

The  calibration  technique  ^  is  a  derivation  of  tried 
and  tested  methods  used  in  standard  close-range 
photogrammetry. 

Each  individual  pixel  separation  in  a  display 
between  left  and  right  conjugate  points  gives  rise  to 
an  individually  resolvable  depth  plane.  In  a 
correctly  constructed  image  this  number  could  be 
quite  large.  Consequently,  images  are  produced 
with  a  considerably  higher  density  of  depth  planes 
than  would  be  obtained  from  the  normal  use  of  a 
CT  scaimer.  This  occurs  in  a  matter  of  a  few 
seconds  without  the  need  for  expensive  computing 
equipment. 

3.6  Latest  Developments 

As  stated  previously,  a  new  generation  of  3-D  x- 
ray  machine  is  under  construction  which  is  aimed 
primarily  at  security  applications. 

Particular  problems  associated  with  the  use  of 
folded-array,  dual-energy  linear  sensors  have  been 


identified  and  q)ecific  solutions  have  been 
proposed.  A  continuing  theme  throughout  the 
development  presented  in  this  papw  has  been  the 
importance  of  displaying  x-ray  information  in  ways 
which  are  conducive  to  accurate  human 
interpretation. 

To  this  end,  new  techniques  of  dq>th  plane 
isolation  based  on  perspective  subtraction  are  to  be 
investigated.  It  has  already  been  shown  by  the 
authors  that  images  can  be  produced  having  a  high 
visual  impact  vriiiich  are  not  imlike  edge  illuminated 
microscopy  displays.  This  is  a  well  known 
technique  for  enhancing  3-D  surfue  features.  A 
dynamic  sequence  of  such  images  which  effectively 
peels  away  dq>th  planes  in  the  stereoscr^ic  image 
has  also  been  shown  to  be  possible.  Using  the 
organic/inorganic  discrimination  of  this  new 
machine  it  is  proposed  that  volume  estimations  of 
objects  will  also  possible. 

The  results  of  the  work  which  is  supported  by  the 
UK  D^wrftnent  of  Tran^rt  and  tlw  Home  Office 
will  be  reported  in  due  course  along  with 
information  relating  to  trials  of  the  equipment  in  a 
real  operational  environment,  possibly  an  airport. 
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1.  INTRODUCTION 

Since  the  downing  of  Pan  Am  Flight  103  over 
Lockerbie,  Scotland,  on  December  21,  1988,  the 
airline  community  has  bear  searching  for  a 
technology  that  can  detect  a  terrorist  device  with  less 
than  one  pound  of  high  explosives.  The  search  has 
focused  on  an  explosives  detection  system  for 
checked  baggage  which  has  more  sensitivity  and  less 
false  alarms  than  the  thermal  neutron  activation 
technique,  which  was  designed  for  a  2.S  pound  TNT 
threat.  The  techniques  explored,  including  viqwr 
detection,  x-ray  systems,  electromagnetic  and  nuclear 
techniques,  have  attempted  to  identify  explosive 
materials  hy  their  unique  combination  of  elements, 
their  densities  or  their  chemical  structures. 

TITAN  has  developed  an  explosives  detection 
technology  that  relies  on  the  imique  combination  of 
nitrogen  density  and  physical  density  within  most 
conunercial  or  military  high  explosives.  Explosives 
which  have  been  used  by  terrorists  have  nitrogen 
densities  between  0.  IS  and  0.60  g/cm’  and  physical 
densities  between  1.2  and  1.8  g/cm?.  Figure  1 
compares  the  characteristics  of  bulk  explosives  with 
common  plastics  and  other  high-nitrogen 
concentration  materials.  Of  the  most  conunon 
materials,  including  foodstuffs,  fabrics,  plastics, 
organic  compounds,  and  drags,  only  solid 
polyurethane  and  melmac  have  physical  densities  and 
nitrogen  concentrations  similar  to  explosives. 

Our  EXDEP  technique  measures  the  nitrogen 
concentration  of  materials  on  a  per  unit-volume  basis. 
Together  with  a  conventional  x-uy  scanner  to 
measure  the  physical  density,  an  EXDEP-based 
system  will  detect  bulk  explosives  with  a  high 
probability  and  very  few  false  alarms. 

This  paper  focuses  on  the  EXDEP  technique  and  the 
experimental  results  which  show  the  capability  to 
detect  explosives,  to  image  the  explosives,  and  to 
discriminate  explosives  from  other  materials.  The 


accompanying  paper,  'Explosive  Detecdcm  for 
Cbeck^  Luggage  by  DET^,  a  Combined  X-ray 
and  Positron-Tomogniphy  System"  by  Kaiu  Pongratr. 
of  MBB  (Gomany),  jneseats  details  on  an  BXDEP- 
based  explosives  debxtion  oystmn  and  shows 
simulation  results  for  detection  of  sheet  explosives 
using  a  combination  of  EXDEP  and  standard  x-ray. 

2.  THE  EXDEP  CONCEPT 

The  EXDEP  conceit  is  shown  schematicaily  in 
Figure  2.  A  radio  frequency  linear  accelerator  (RF 
LINAC)  is  used  to  produce  an  electron  beam  with  an 
energy  of  13.5  MeV.  The  electrxms  strike  a  tantalum 
or  tungsten  target  and  produce  bremsstrahlung 
radiation  with  a  maximum  energy  equal  to  die 
electron  beam  energy.  The  x-rays  interact  with  the 
explosive  and  activate  the  nitrogen  via  the 
photoneutron  (7,n)  retacdon.  The  stable  nitrogen 
isotope  ‘^N  thus  becomes  the  radioactive  isotope  '^N, 
which  then  decays  with  a  10-minute  half-lifo  via 
positron  emission  to  The  positron  immediately 
slows  down  and  annihilates,  producing  two  coincident 
51 1-keV  photons  that  are  oppositely  directed.  These 
idiotons  are  easily  detMted  and  counted  in 
coincidence  using  standard  scintillation  detectors. 

The  high-energy  bremsstrahlung  i^iotoos  from  the 
accelerator  penkrate  easily  throu^  most  materials 
and,  therefore,  are  excellent  probes  for  inqwcting 
luggage  and  cargo.  The  bremsstrahlung  {^otons  are 
attenuated  significandy  only  by  CompUm  scattering 
and  pair  production.  The  10-15-MeV  photon 
attenuation  coefficients  range  from  0.018  cm^/g  for 
low-Z  elements  (C,  N,  O,  Al)  to  0.030  cmVg  for 
Cu.  Assuming  that  luggage  contains  mosdy  low-Z 
elements  and  that  the  bulk  density  is  0.2  g/cm’,  the 
1/e  attenuation  length  for  the  illumination  photons  is 
2.8  m.  The  attenuation  through  75  cm  of  luggage  is 
less  than  27%. 

Die  positron  range  is  typically  only  a  minor  factor  in 
determining  the  resolution  that  is  possible  with 
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EXDEP.  The  positrons  produced  in  the  decay  of  the 
activated  elements  lose  energy  primarily  through 
inelastic  collisions.  Their  range  in  g/cm^  is 
approximately  half  their  energy  in  MeV;  and  typical 
positron  energies  are  only  about  20-58%  of  these 
values.  Thus,  a  positron  from  the  decay  of  ’’N 
travels  at  most  3.75  mm  in  the  explosive  before 
aimihilation  with  an  atomic  electron.  The  same 
positron  travels  at  most  3  cm  in  clothing  and  4  m  in 
air.  For  a  3-mm  thick  piece  of  detasheet  explosive 
with  a  large  surface-to-volume  ratio,  a  small  fraction 
of  the  positrons  will  escape  the  explosive.  For  those 
positrons  that  escape  the  explosive,  however,  the 
positions  where  the  annihilations  occur  are  dispersed 
throughout  the  luggage  and  no  one  source  produces 
sufficient  activity  concentration  to  be  detected  as  a 
false  alarm. 

Tixvj  511-keV  photons  which  result  from  the 
annihilation  of  the  positrons  are  attenuated  by 
photoelectric  and  Compton  scattering  interactions,  but 
most  of  them  will  escape  from  the  baggage  and  be 
detected.  Most  luggage  items  contain  low-Z  elements 
with  an  attenuation  coefficient  of  0.087  cm^/g  and 
average  bulk  densities  of  0.2  g/cm^,  which  gives  a 
1/e  attenuation  length  for  the  0.511  MeV  photons  of 
58  cm.  A  book  or  large  report  has  significantly 
greater  attenuation  due  to  the  larger  bulk  density. 
For  example,  a  5-cm  thick  report  attenuates  the 
annihilation  photon  flux  by  almost  half.  It  would 
take  a  0.8-cm  thick  steel  sheet  to  obtain  the  same 
reduction.  The  attenuation  of  the  annihilation 
photons  is  the  most  important  limitation  in  the 
EXDEP  performance.  Calculations  including  these 
attenuation  factors  and  experiments  with  buried  mock 
explosives,  which  will  be  described  in  subsequent 
sections,  show  that  EXDEP  should  effectively  detect 
explosives  in  luggage  in  spite  of  this  limitation. 

3.  EXPLOSIVES  DETECTION  RESULTS 

We  conducted  three  sets  of  experiments  to  show  that 
the  EXDEP  technique  is  effective  at  detecting 
concealed  explosives.  The  first  was  a  proof-of- 
concept  experiment  performed  by  TITAN  u.sing  the 
RF  LINAC  at  Lawrence  Livermore  National 
Laboratory  (LLNL).  A  second  set  of  experiments 
was  done  at  the  90®  port  of  the  DOE  LINAC 
operated  by  EG&G  at  Santa  Barbara,  California,  to 
benchmark  the  model  and  calculations.  Finally,  a 
third  experimental  series  was  done  at  the  Naval 
Research  Laboratory  LINAC  in  Washington,  DC,  to 
obtain  improved  experimental  results  necessary  for 
the  design  of  a  portable  system.  These  efforts  were 


sponsored  jointly  by  Sandia  National  Laboratories 
(SNL)  and  the  Defense  Advanced  Research  Projects 
Agency  (DARPA). 

Under  the  SNL  and  DARPA  programs,  TITAN 
designed  and  built  a  portable  LINAC  for  testing 
against  mock  land  mines.  The  LINAC  uses  a  Varian 
Linatron  6000  centerline  and  electron  gxm  and  a 
Thompson  6.5  MW  klystron.  Figure  3  shows  the 
accelerator  motmted  in  TITAN’s  laboratory,  with  a 
cart  containing  sand  and  a  mock  mine  in  the 
illumination  position.  The  LINAC  produces  a  13.5 
MeV  beam  with  peak  current  of  >200  mA  and  a 
pulse  width  of  5.8  /ts  at  a  pulse  rate  of  200  Hz. 

For  safety  reasons,  a  mixture  of  melamine  and 
glucose  was  used  to  simulate  TNT  explosive;  the 
elemental  composition  was  essentially  the  same.  The 
mock  explosives  were  buried  a  few  inches  deep  in 
silica  sand  and  peat.  The  sand  is  reasonably  free  of 
trace  elements,  consisting  primarily  of  silicon  and 
oxygen.  Since  both  of  these  elements  have  very  high 
(•y,n)  thresholds,  essentially  no  activation  was 
anticipated  when  the  electron  beam  kinetic  energy 
was  kept  below  the  oxygen  activation  threshold  of 
15.8  MeV.  The  peat,  on  the  other  hand,  is  rich  in 
organic  matter  and  trace  minerals  which  give 
measurable  background  signals.  The  primary 
experimental  objective  was  to  demonstrate  that  the 
EXDEP  photon  activation  technique  can  detect  the 
explosive  within  a  background  resulting  from  (y,n) 
reactions  in  common  elements.  The  soil  also 
provided  for  attenuation  of  the  13.5  and  0.51 1  MoV 
photons. 

The  mock  explosive  targets  were  nwunted  on  a 
carriage  a.ssembly  who.se  po.silion  was  remotely 
controlled  using  a  constant-veltKity  motor.  A  sketch 
of  this  experimental  geometry  is  shown  in  Figure  4. 
The  cart/explosive  was  stationary  in  the  beam  during 
irradiation,  alter  which  it  was  moved  down  the  track 
and  in  front  of  the  detectors.  The  cart  wa,s  moved  to 
the  detector  location  at  1  mph,  such  that  the  delay 
between  irradiation  and  detection  was  typically  a  few 
seconds. 

A  single  258  cm\  1.27 -cm  thick  bi.smutli  germanate 
.scintillation  detector  was  u.scd  for  the  following  te.sts. 
BGO  was  .selected  because  it  is  not  sensitive  to 
neutron  activation,  whereas  NalfTI)  crystals  arc.  Tlic 
detector  had  an  energy  re.solution  of  19%  ut  5 1 1  keV. 
The  scintillation  detector  was  ItKatcd  -3  m  from  the 
beam  line  and  0.3  m  from  the  sand  surface.  A  ^Na 
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radioactive  source  Nvas  used  to  calibrate  the  detector 
and  electronics. 

Following  illumination  of  the  sand  and  mock 
explosive,  both  multi-chaimel  and  single-channel  data 
were  taken.  Figure  5  shows  a  typical  multichannel- 
analyzer  spectrum  of  the  mock  explosive;  the  511- 
keV  photopeak  stands  clearly  above  the  background 
photons  from  other  decay  processes.  There  are  no 
extraneotis  gamma  peaks  from  the  target  which  could 
give  spurious  background  contributions.  The  single¬ 
channel-analyzer  data,  with  the  window  set  for  the 
Sll-keV  photopeak,  were  taken  to  count  the 
annihilation  photons. 

With  the  detector’s  low  background,  the  measured 
signals  from  the  explosives  were  clearly  and 
consistently  observed  above  the  soil  background. 
Figure  6  shows  the  number  of  counts  verses  time 
after  illumination  for  a  1.5-kg  and  9.2-kg  TNT  nnock 
explosive  surface-buried  in  sand.  The  explosives 
were  illuminated  with  x-rays  from  30  pC  of  charge 
deposited  on  the  converter.  The  count  times  were  10 
seconds  per  data  point.  Figure  7  shows  a  similar  plot 
for  data  from  the  NRL  experiment  with  the  1.5-kg 
mine  buried  at  up  to  2  inches  in  sand. 

These  data  verify  that  EXDEP  can  detect  concealed 
explosives  using  only  crude  collimation.  The  two 
questions  which  remain  for  luggage  inspection  are: 
Can  a  small  quantity  of  explosives  be  detected  in  the 
background  of  a  suitcase?  Can  the  explosive  be 
distinguished  from  the  myriad  of  objects  found  in  a 
suitcase?  We  will  examine  these  questions  next. 

4.  IMAGING  OF  EXPLOSIVES 

EXDEP  has  excellent  resolution  because  the  two 
oppositely-directed,  coincident,  Sll-keV  photons  are 
counted  simultaneously.  The  explosive  lies  on  the 
line  between  the  two  detectors  measuring  the  event. 
As  many  nuclei  decay,  there  are  multiple  lines  that 
intersect  at  the  explosive’s  location,  as  shown  in 
Figure  8.  The  positron  range  (the  distance  that  a 
positron  travels  before  anniltilalion),  Compton 
scattering  of  the  annihilation  photons  before  exiting 
the  baggage,  and  uncertainty  in  the  location  of  the 
photon  interaction  within  the  detector  crystal  blur  the 
image  somewhat,  but  the  resolution  still  remains 
about  one  centimeter.  This  type  of  imaging,  called 
positron  emission  tomography  (PET),  is  used 
routinely  in  modem  medical  diagnostics. 


To  demonstrate  the  imaging  capability  of  EXDEP, 
we  did  a  series  of  four  tests  using  the  UGM  PET 
camera  at  the  University  of  Pennsylvania  Medical 
Center.  While  this  PET  camera  is  not  designed  for 
our  application,  it  did  provide  good  evidence  that 
PET  imaging  would  be  effective.  Based  on  previous 
experiments,  ahalf-ldlogramofTNT  illuminated  with 
x-rays  from  a  1-mA  beam  at  a  luggage  throughput 
rate  of  30  bags  per  minute  should  produce  an  activity 
of  0.9  /iCi  over  300  cm’  or  3.0  x  lO"’  /tCi/cm’. 
Therefore,  we  used  0.  l-/iCi  point  sources  of ’’Na  and 
a  solution  of  “Ga  in  water  diluted  to  6.8  x  10^ 
/rCi/cm’  to  simulate  the  distributed  activity  from  the 
illuminated  explosive. 

In  one  test,  three  0. 1-ftCi  point  sources  were  placed 
5  cm  apart  near  the  center  region  of  the  camera. 
Figure  9  shows  the  raw  data  (in  sinograph  format) 
for  four  slices  through  the  volume  containing  the  “Na 
sources.  The  data  was  collected  for  a  20-8ec  count 
time.  The  resolution  for  the  data  appears  to  be 
approximately  1  cm. 

In  another  test,  a  0.  l-ftCi  point  source  was  immersed 
within  the  water  solution  containing  1.7  (iCi  of  “Ga. 
The  beaker  had  a  9-cm  radius  and  a  10-cm  depth  and 
contained  2500  cm’  of  water.  The  count  time  was  20 
seconds.  This  is  equivalent  to  counting  a  2.3  x  10'’ 
/tCi/cm’  source  for  a  d-sec  count  time,  which  is  very 
close  to  the  activity  we  expect  in  the  explosive. 
Figure  10  shows  the  raw  data  (in  sinograph  format) 
for  six  slices  across  the  beaker.  The  activity  shovm 
in  the  last  slice  is  decreased  because  the  slice  includes 
a  smaller  cross  section  of  the  beaker.  The  0.1 -/xCi 
point  source  is  also  visible  in  the  distributed  activity 
in  the  fourth  slice. 

These  experimental  results  clearly  demonstrate  that 
the  activity  levels  which  we  expect  to  produce  using 
the  EXDEP  accelerator  are  observable  using  a  PET 
camera.  Moreover,  the  linear  resolution  that  is 
achievaUe  is  approximately  1  cm,  which  should  be 
sufficient  to  detect  sheet  explosives. 

The  excellent  resolution  achievable  with  EXDEP 
directly  reduces  the  false-alarm  rate  of  a  system. 
With  low  resolution,  e.g.,  the  10(X)  cm’  that  is 
achievable  by  collimation  in  TNA,  only  an  average 
nitrogen  concentration  in  a  given  volume  is 
measured.  A  volume  containing  a  large  cheese  may 
give  the  same  count  rate  as  a  volume  containing  a 
small  explosive  and  some  cotton  clothing.  With  high 
resolution,  e.g.,  the  1  cm’  with  EXDEP,  the  nitrogen 
concentration  of  individual  items  are  measured  over 
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a  small  enough  volume  to  distinguish  explosives  from 
most  other  nitrogenous  materials. 

From  our  experim^tal  data  and  our  EXDEP  model, 
we  have  estimated  the  count  rate  that  a  high- 
efficiency  PET  detector  system  might  encounter. 
Assume  that  1  kg  of  TNT  (nitrogen  concentration 
equals  0.18)  is  located  in  the  center  of  a  typical 
suitcase  with  dimensions  30  cm  x  60  cm  x  75  cm  and 
a  mass  of  30  kg.  Using  an  average  absorption 
coeffici^t  for  10-15  MeV  photons  of  0.02  cmVg 
gives  a  14%  attenuation.  If  the  bags  pass  on  a 
conveyor  through  a  1-m^  tunnel  at  30  cm/sec,  the 
throughput  past  the  illuminator  is  60  bags/min.  If  the 
LINAC  operates  at  14  MeV  with  an  average  current 
of  one  milliampere  and  the  irradiation  coverage  is 
over  A  =  100  cm  x  30  cm  =  0.30  m^,  then  the  total 
number  of  activated  ‘^N  atoms  created  in  the 
explosive  is 

N,j  =  2.4  X  10’  itoms  (7) 

For  an  array  of  NaI(Tl)  scintillation  sheet  detectors 
located  around  the  conveyor  belt,  the  average 
detector  solid  angle  coverage  is  4.2  sr,  and  the 
crystal  efficiency  is  0.7.  Ten  seconds  following  the 
irradiation  of  the  1-kg  explosive,  the  coincidence 
count  rate  from  the  activated  ‘^N  atoms  in  the 
explosive  is 

C,  =■  1345  cU/$ee  (8) 

Assiuning  that  the  explosive  is  a  simple  cube 
approximately  8.5  cm  on  a  side,  then  the  count  rate 
per  unit  volume  is  =  2.0  ct/cmVsec.  For  the  10 
seconds  that  the  bag  is  in  the  detector  array,  each 
cubic  centimeter  of  the  explosive  will  produce  20  cts. 
The  count  rate  is  low  enough  that  the  detection 
electronics  will  not  be  saturated,  yet  high  enough  to 
be  detectable. 

5.  DISCRIMINATION  OF  EXPLOSIVES 

The  relatively  low  nitrogen  photonuclear  activation 
threshold  energy  at  10.6  MeV  and  the  subsequent  ten 
minute  half-life  positron  decay  is  a  unique 
combination  which  makes  it  possible  to  discriminate 
explosives  from  other  items.  Most  other  elements 
common  in  luggage  have  photonuclear  reaction 
thresholds  above  13  MeV,  produce  no  positron,  or 
have  very  short  or  very  long  half-lives.  Those  few 
elements  which  do  react  similarly  to  nitrogen,  and 
thus  could  contaminate  the  nitrogen  signal,  have 


different  activity  concentrations  or  densities  which 
distinguish  them. 

Since  the  nitrogen  in  the  explosive  has  a  photoneutron 
threshold  which  is  substantially  lower  than  that  of  the 
most  common  elements,  proper  adjustment  of  the 
electron  beam  energy  allows  activation  of  the 
nitrogen  in  the  explosive  without  activating  the  nuclei 
of  most  of  the  surroimding  materials.  This  is  shown 
schematically  in  Figure  11,  where  the  bremsstrahlung 
spectrum  is  overlaid  on  the  cross  sections  for 
nitrogen,  oxygen,  and  aluminum.  Tuning  the 
accelerator  can  maximize  the  overlap  of  the 
bremsstrahlung  spectrum  with  the  nitrogen  cross 
section  while  minimizing  the  overlap  with  other 
elements.  Calculations  and  experiments  have  shown 
that  the  best  nitrogen-signal-to-background  ratio  is 
achieved  when  the  electron  beam  energy  is  around 
13-14  MeV. 

The  limited  number  of  isotopes  which  are  detectable 
for  the  EXDEP  technique  are  shown  in  Table  1. 
Fourteen  elements  are  identified  in  the  "Atlas  of 
Photonuclear  Cross  Section  Obtained  with 
Monoenergetic  Photons"  (Ref:  Atomic  Data  and 
Nuclear  Data  Tables,  Vol  38,  No  2,  March  1988)  as 
having  photonuclear  thresholds  below  13  MeV  and 
producing  a  positron  decay.  The  rare  earths 
(praseodymium,  samarium,  and  erbium)  are  not 
present  in  any  significant  amount  in  luggage.  The 
metals  (nickel,  copper,  zinc,  gallium,  zirconium, 
molybdenum,  and  silver)  have  mass  densities  which 
distinguish  them  from  nitrogen.  Moreover,  the 
reaction  cross  section,  density,  and  half-lives  of  these 
metals  make  the  activity  concentration  significantly 
higher  than  that  for  nitrogen.  Fluorine  is  found  in 
trace  amounts  except  for  the  compound  teflon,  which 
has  a  density  of  2.2  g/cm^  Phosphorus,  chlorine, 
and  bromine  are  elements  which  would  not  be 
expected  in  luggage  and,  if  found,  should  indeed  be 
identified  as  potentially  hazardous. 

Figure  12  shows  on  a  bg  plot  the  activity 
concentrations  vs  physical  density  expected  for 
various  benign  items  containing  those  isotopes 
identified  as  EXDEP  detectable,  i.e.,  items 
containing  copper,  zinc,  silver,  nickel,  and  fluorine. 
None  of  the  items  overlap  the  explosives.  Therefore, 
these  potential  false  alarms  are  in  fact  easily 
discernible.  There  may  be  items  in  luggage  that 
contain  combinations  of  these  isotopes  which  would 
make  them  look  like  explosives,  but  we  have  not 
been  able  to  identify  any.  Empirical  examinations  of 
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checked  luggage  using  EXDEP  will  determme  if 
there  are  many  such  false-alarm  targets. 

Ck>nsider  a  cm  x  60  cm  x  75  cm  piece  of  luggage. 
It  would  be  iukiged  using  the  EXDEP  detector  system 
into  135000  individual  cubic  centimeter  cells.  From 
the  previous  model  calculations,  a  TNT  explosive 
would  produce  20  counts  in  a  10  sec  count  interval  if 
there  were  50%  attoirution  for  each  annihilation 
photon.  If  there  were  10%  attenuation,  then  the  'TNT 
would  produce  65  counts  in  the  same  time.  A  1-lb 
piece  of  TNT  would  occupy  275  cells.  Toi  peonies 
in  a  cell  would  produce  almost  800  counts  in  the 
same  time  interval  with  50%  attoiuation  and  2600 
counts  with  10%  att^uation.  The  backgrotmd  count 
rate  per  cell  is  less  than  1  count  per  10  sec. 

For  a  suitcase  with  pennies,  a  brass  ring,  a  piece  of 
sterling  silver  jewelry,  and  1-lb  TNT  explosive,  a 
histogram  of  the  counts  might  look  like  Figure  13b. 
A  two-dim»isional  slice  through  the  bag  may  look 
like  Figure  13b,  where  the  gray  scales  correspond  to 
the  counts.  Either  representation  clearly  shows  the 
presence  of  the  explosive. 

6.  RADIATION  ISSUES 

The  bremsstrahlung  radiation  dose  rate  at  1  meter 
from  the  accelerator  converter  is  given  by 

D(f«di/iec)- 1.1  X  10»  [V(MeVp  n(A)  (1) 

where  V  is  the  electron  energy  and  I  is  the  beam 
current.  For  a  1-mA,  13.5-MeV  beam,  the  radiation 
dose  is  1.6  kR/s  at  1  meter.  If  the  accelerator  pulses 
200  times  per  second  and  the  beam  is  directed  such 
that  each  portion  of  the  bag  receives  illumination 
from  four  pulses,  then  the  radiation  exposure  to  any 
part  of  the  bag  would  be  30  R  from  the  primary  x- 
ray  beam.  The  scattered  radiation  dose  to  the  bag  is 
down  by  a  factor  of  0.4  x  lO*’  and  does  not 
contribute  appreciably  to  the  dose  to  the  bag.  At  this 
dose,  no  material  other  than  film  should  be  affected. 

The  neutron  dose  comes  mainly  from  the  converter 
and  is  proportional  to  the  x-ray  flux  and  the  converter 
thickness.  We  used  the  TIGER  spectra  (see  the  next 
section)  to  calculate  the  x-ray  flux  and  Berman’s 
Atlas  of  Photoneutron  Cross  Sections  for  the  tungsten 
cross  section  as  a  function  of  energy.  We  also 
assumed  that  half  the  converter  thickness  was  used  to 
produce  neutrons.  For  a  1-mA  beam  striking  a  0.25- 
mm  thick  tungsten  c<»verter,  a  neutron  flux  of  10" 
nt/sec  is  produced,  and  is  emitted  isotropically.  Most 


of  these  neutnms  will  be  absorbed  by  the  shielding 
immediately  sunounding  the  converter. 

We  have  calculated  the  activity  goierated  in  the 
luggage  from  the  direct  bremsstr^ung  radiation.  It 
is  quite  low  because  the  threshold  for  activatioo  of 
most  coimnon  materials  is  above  the  maximum 
energy  of  the  illuminatioa  photons.  Also,  the 
secondary  radiation  from  Conq>ton  scattering  is  well 
below  the  i^otonuclear  thresholds  for  the  bag 
contents  and  thus  causes  no  additional  activation. 
The  result  is  that  most  contents  of  checked  luggage, 
including  food,  clodiing,  plastics,  and  drugs,  wh^ 
primary  elements  are  carbM,  hydrogen,  and  oxygen, 
will  acquire  qq  activity. 

For  an  example  of  residual  activity,  consider  luggage 
with  a  1-kg  TNT  explosive,  25  g  of  c(^>per,  10 
pennies,  or  16  g  of  sterling  silvo'.  It  is  irradiated 
with  photons  from  a  1-mA  electron  beam  per  0.3  n^ 
of  x-ray  coverage.  Less  than  10''^%  of  the  nuclei 
become  activated  and  produce  less  tlun  1  ^Ci  of 
activity.  This  is  equivalent  to  a  dose  of  0.(X)04 
mR/hr.  For  conqMrison,  the  average  annual 
individual  doses  for  aome  common  activities  are: 
medical  and  dental  x-rays  -  400  mR,  living  in  a  tnick 
building  -  7  mR,  air  travel  -  3  mR,  and  watching 
television  - 1  mR.  (Ref.  'The  Effects  on  Pq;>ulation 
of  Exposure  to  Low  Levels  of  Ionizing  Radiation,* 
Natio^  Academy  of  Science,  1980.)  It  would  take 
500  such  suitcases  within  one  meter  of  a  peiacm  to 
exceed  the  recommended  environmental  exposure 
limit.  Even  that  slight  amount  of  activity 
during  an  hour  to  less  than  1/64  of  the  original 
amount.  The  exceedingly  slight  amount  of  radiatioo 
present  is  detectable  only  with  an  extremely  aeoaitive 
detector  system. 

The  EXDEP  accelerator  for  luggage  screening  would 
require  shielding  equivalent  to  that  for  a  iwdical 
cancer  treatment  facility,  but  only  for  the  n>itrtne 
volume.  The  accelerator  would  preferably  be  (Miented 
downward  on  the  ground  floor  so  that  1^  soil  would 
be  the  primary  shielding.  The  detectors  would  be 
outside  the  shielded  area.  The  radiation  exposure  to 
the  suitcase,  the  pasaeugen,  and  the  baggage  handlm 
would  be  well  below  government  regujationa  for 
enviroomeotal  standarda. 

7.  CONCLUSION 

The  final  evaluation  criteria  for  an  explooivea 
detection  system  will  be  the  cost  per  bag  to  perform 
adequately.  This  includes  the  ooets  of  the  haidwata. 
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operations,  and  tiK;ilities.  The  hardware  costs  and 
size  for  any  nuclear  technique  will  be  ^proximately 
the  same.  The  processing  speed  and  the  performance 
capabilities  of  the  EXDEP/CTX  system,  however, 
should  be  significantly  better,  so  that  the  cost  per  bag 
should  be  significantly  less.  The  EXDEP/CTX 
system  should  tnily  be  a  second  generation  explosives 
detection  system. 
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Table  1 .  Isotopes  Detectable  by  EXDEP. 


Isotope 

% 

Threshold 

(MeV) 

Cross 

Section 

fmb)  at  13  MeV 

Half- 

Life 

%P+ 

If 

Nitrogen  (^^N) 

99.6 

■H 

1 

10  m 

100 

1.198 

Fluorine 

100 

2 

110  m 

97 

0.635 

Phosphorus  (^^P) 

100 

<1 

2.6  m 

99 

3.24 

Chlorine  (35ci) 

75.8 

12.8 

2 

32.3  m 

50 

2.5 

Nickel  (5%!) 

68.3 

12.2 

5 

36  hr 

50 

0.85 

Copper  (^3cu) 

69.2 

10.9 

20 

9.8  m 

97 

193 

Zinc(^n) 

48.6 

11.9 

10 

38  m 

92 

134 

Gallium  (^^Ga) 

60.1 

10.3 

30 

68  m 

87 

1.9 

Bromine  (^^r) 

50.7 

10.7 

? 

6.5  m 

92 

15 

Zirconium 

51.4 

12.0 

25 

78  hr 

22 

05 

Molybdenum 

14.8 

12.7 

20 

15.5  m 

94 

3.4 

Silver  (^®^Ag) 

51.8 

9.5 

75 

24m 

60 

1.96 

Praseodymium  (^^^Pr) 

100 

9.4 

150 

3.4  m 

50 

137 

Samarium  (^^Sm) 

3.1 

10.5 

250 

8.9  m 

50 

2.47 

Nitrogen  Density  (g/cc) 


Physical  Density  (g/cc) 


Rgure  1 .  Plot  o(  physical  density  vs  nitrogen  density  for  common  materials  and  explosives. 


13.5  MeV 


Figure  2.  EXDEP  concept. 
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CcunJs 


Counts 


Time  (sec) 

Rgure  6.  Plot  of  counts  verses  time  after  illumination  for  sand,  and  surface-buried  i  .5-kg  and  9.2-kg 
explosives. 


i.i  Sand 


Time  l•ecl 
+  2"  over 


0  Surface 


Figure  7.  Plot  of  counts  vs  time  for  a  1 .5  kg  TNT  mock  explosive  at  different  soil  depths. 


cveni  u 


Event  A 

Figure  8.  The  EXDEP  resolution  will  be  1  cm  using  coincidence  counting  of  oppositely-directed 
photons  from  positron  annihilation. 


Figure  9.  Data  (in  sinograph  format)  showing  excellent  resolution  for  three  O.lpCi  22Na  point  sources  5 
cm  apart. 
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S(E) 


Figure  1 0 .  Raw  data  for  six  slices  across  the  beaker. 


PHOTON  ENERGY  (MEV) 


Figure  1 1 .  The  endpoint  energy  of  the  bremsstrahlung  beam  lies  above  the  activation  threshold  of  '^N 
but  below  those  of  **A1  and  '*0  (and  '*C  as  well). 
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CROSS-SECTION 


Density  (g/cc) 

Figure  1 2.  Log  plot  of  activity  concentration  vs  physical  density  for  explosive  and  other  itents  In  luggage. 
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Rgure  13.  (a)  Histogram  and  (b)  Image  from  EXDEP  screening  of  luggage  with  pennies,  a  brass  ring, 
silver  jewelry,  and  1-ib  of  TNT. 
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EXPLOSIVES  DETECTION  LIMITATIONS 
USING  DUAL-ENERGY  RADIOGRAPHY 
AND  COMPUTED  TOMOGRAPHY 

K.W.  Dolan,  R.W.  Ryon,  D.J.  Schneberk,  H.E.  Martz,  and  R.D.  Rikard 
Lawrence  Livennore  National  Laboratory 
Nondestructive  Evalimtion  Section,  L-333 
P.  O.  Box  808,  Livermore,  CA  9455 1 


1.  INTRODUCTION 

Computed  tomography  (CT)  provides  volumetric 
mapping  of  x-ray  attenuation  in  objects.  X-ray 
attenuation  is  a  function  of  composition  and  density. 
By  making  measurements  at  two  or  more  energies, 
density  and  "average  composition"  (or  effective 
atomic  number)  can  be  separated.  Dual  energy  CT 
has  therefore  been  suggested  as  a  means  for  positive 
identification  of  small  explosive  quantities  in 
baggage,  boxes,  containers,  etc.  That  is,  tomographic 
volumetric  mapping  and  cross  correlation  of  density 
and  effective  atomic  number  may  provide  the  key  for 
explosive  materials  detection  with  reduced  false  alarm 
rates.  For  example,  we  have  u.sed  the  dual  energy 
CT  method  successfully  to  determine  density  and 
effective  atomic  number  of  explosives  and  mock 
material  with  accuracies  of  a  few  percent  on  den-sity 
and  better  than  ±  1  atomic  number  [Ref.  I].  Our 
dual  energy  CT  work  has  been  done  in  a  materials 
analysis  context.  Two  methods  have  been  u,sed; 

•  Isotope  sources, which  emit  di.screte  energy 
(monochromatic)  x-rays,  coupled  with 
energy  discriminating  x-ray  detectors; 

•  X-ray  tube  .sources,  which  emit  a  continuum 
(bre.m.s.strahlung)  energy  distribution  of  x- 
rays,  coupled  with  nondi.scriminating 
detectors  (Ref.  1,2,3]. 

Wo  have  developed  beam  hardening  correction 
prtKe<lures  for  CT  with  polychronuitic  x-ray  tube 
.spectra  [Ref.  3].  Dual  energy  CT  with  polychronuitic 
.sources  is  implemented  by  any  technique  that 
mcxlifies  the  x-ray  .spectrum  at  either  the  source  or 
the  detector.  This  is  ,n,swuipii.shcd  by  u.sii:g  two 
accelerating  potentials,  beam  filtration  before  or  uf'er 
the  sample,  or  energy  selective  detectors.  The 
polychromatic  option  provides  high  flux  .source 
intensities  which  would  lie  needed  for  routine  high 


throughput  explosives  detection.  We  have  also  used 
transmission  anode  x-ray  tubes,  which  produce  nearly 
monochromatic  radiation,  for  x-ray  gauging.  Such 
tubes  may  be  useful  for  baggage  inspection  CT. 

2.  BACKGROUND 

X-ray  transmission  through  an  object  is  a  function  of 
material  composition,  density,  and  thickne.ss.  Film 
and  real  time  radiography  produce  two-dimensional 
"shadowgraph"  images  of  an  object  with  internal 
features  superimpo.sed  in  the  image.  Each  point  in  the 
.shadow  image  is  a  function  of  the  attenuation  of  the 
x-ray  beam  along  the  path  from  source  to  image 
point.  For  each  ray-path,  the  total  linear  attenuation 
coefficient  is  the  sum  of  the  attenuation  coefficients 
of  each  volume  element  in  the  path.  Computed 
tomography  (CT)  produces  cross  section  (i.e.  pltuiar 
slice)  images  of  an  object  by  reconstructing  a  nuitrix 
of  x-ray  attenuation  coefficients.  The.se  images  can  be 
volume  rendered  to  provide  three-dimensional 
information.  In  the  slice  or  volume  rendered  images, 
the  reconstruction  algorithm  determines  the  linear 
attenuation  coefficient  for  each  volume  element  of  the 
image.  Tlie  linear  attenuation  coefficient  is  a  function 
of  the  composition  (effective  atomic  number), 
density,  and  volume  element  dimension.  The  term 
"effective  atomic  number"  is  the  atomic  number  of 
that  hypothetical  single  element  which  gives  the  same 
x-ray  attenuation  as  a  compound  or  mixture  lasing 
nwesured.  Since  the  volume  element  dimension  is 
known  from  the  geometry  of  the  Cf  scanning  system, 
the  attenuation  ciasfficient  becomes  a  function  of  only 
two  variables,  effective  atomic  number  and  density. 
Separation  of  these  variables  is  done  by  taking  CT 
data  at  two  .sepaiate  .source  energies,  and  essentially 
.solving  two  equations  in  two  unknowns.  Ifius,  the 
volume  elements  cun  be  mapped  according  to 
effective  atomic  number  and  density,  and  correlation 
of  lhe.se  variables  can  provide  both  feature  and 
nuiterial  identification 
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3.  EXITING  TECHNOLOGY  AND  CAPABOL- 
iriES 

Dual  eowgy  radiognjdiy  for  explosives  detectioii  is 
a  research  activity  funded  by  the  FAA  [Ref.4].  It  baa 
been  suggested  that  <hial  energy  computed 
tomognq)hy  might  provide  enhanced  detectability  for 
explosives.  The  high  throughputs  required  for 
baggage  inspection  necessitate  the  use  of  v^  fut 
scanning  and  analysis.  For  example,  x-ray  scanning, 
reconstruction  processing,  and  decision  analysis  nee^ 
to  be  acconq)lished  in  less  than  about  10  secmds. 
The  technology  associated  with  fast  medical  imaging 
systems  already  provides  the  capability  of  &st 
scanning,  and  these  scanners  could  be  extended  to 
incorporate  dual  energy  features.  We  have  used 
parallel  processors  to  reduce  CT  reconstruction  times 
to  the  order  of  seconds.  Decision  making  by  artificial 
intelligaice  (AI)  methods  could  be  used  to  provide 
near  real-time  decisions.  Image  display  and  image 
analysis  of  CT  image  slices  have  been  developed 
extensively  here  for  visual  interpretation.  The 
technology  elements  are  all  available  for  high 
throughput  inspection  for  explosives  detection  by  dual 
energy  CT.  A  prototype  scanner  combining  these 
capabilities  could  be  used  to  demonstrate  speed,  false 
alarm  probabilities,  detection  limits,  and 
*spoofability'.  But  before  launching  such  an  effort, 
we  performed  a  preliminary  analysis  to  test  the 
potential  success  of  the  concept. 

4.  DUAL  ENERGY  COMPUTED  TOMOGRA¬ 
PHY  METHODS 

Dual  energy  CT  provides  an  additional  parameter 
(i.e.  effective  atomic  number)  to  the  usually 
measured  density  that  may  provide  another  means  of 
distinguishing  explosives  from  common  materials. 
We  have  used  dual  energy  CT  to  advantage  in  several 
applications  (Ref.  1,2].  Based  on  this  experience,  we 
consider  dual  energy  CT  a  possible  candidate 
technique  for  explosives  detection,  or  perhaps  as  a 
secondary  technique  used  to  resolve  false  positive 
identifications  made  by  other  methods 

A  thorough  treatment  of  multiple  energy  CT  analysis 
is  given  in  a  previous  publication  (Ref  3],  and  only 
the  concept  of  effective  atomic  number  will  be 
covered  here.  Effective  atomic  number  (2^  as  used 
in  x-ray  CT  is  defined  as  the  atomic  number  of  the 
single  element  that  attenuates  the  x-ray  beam  most 
like  the  multicomponent  object.  This  concept  is 
conveyed  by  the  relationship 


(M/pXZ-r.E)  =  2  Or/p)t(Z^E)-w. 

where  the  mau  attenuation  coeffici^  Ot/p)  is  a 
fuoctioa  of  atomic  number  (Z)  and  x-ray  eastgy  (E), 
p  is  the  material  density,  w.  is  die  wei^^t  fraction  of 
con^onent  n,  and  £  represents  a  summation  over  all 
components.  £ffectiv»-Z  values  are  not  solved 
explicitly,  but  are  obtained  from  inteipolatioos  of 
tabulated  x-ray  niaaa  attenuation  coefficients,  or  from 
iatopolations  on  a  baaia  aet  of  materials.  Effiective-Z 
is  a  function  of  bodi  material  conpositioa  and  x-ray 
energy,  and  every  volume  dmnent  in  a  san^le  can  be 
characterized  by  both  an  ef!ective-Z  and  a  material 
density. 

Since  x-ray  abaotprion  at  a  particular  energy  is  a 
function  of  both  material  (i.e.,  effective  Z)  and 
density,  the  two  parameters  may  be  separated  by 
making  measurements  at  two  (or  more)  energies. 

At  energy  1,  the  x-nys  are  attenuated  by  the  fuuiliar 
exponential  equation 

(I/I,)i=exp(-<p7p),  p  t ) 

where  (p/p)i  is  the  sunuuatian  £ 

(p/p),(Z,pE,)Tv,  at  eneiiy  E„  and  t  is  dm  thickness. 
At  a  second  energy,  we  likewise  have 

a/Uj=cxp(-(iI7p)jpt). 

By  using  the  ratio  of  the  logarithms  of  the  messuied 
quantities  (I/IJ  at  the  two  energies,  the  density  and 
^ckness  are  eliminated: 

In  {  a/U.  }  /  W  (lA^)  - 

(m^)i  /0^)a  . 

Examples  of  the  ratios  as  functions  of  atomic  number 
are  slmwn  in  Figurea  1  and  2.  Effective  Z’s  can  be 
determined  by  interpolation  using  such  curves. 

5.  EXPLOSIVES  DETECTION  CRITERIA  AND 
PRELIMINARY  lEASIBH^rTY  ANALYSIS 

In  order  to  positively  identify  explosives,  there  must 
be  one  or  more  nearly  unique  sigiutures  from  the 
measurements.  Since  dual  energy  x-ray  measurements 
yield  the  two  parameten  density  and  effective  Z,  the 
correlation  of  the  two  valuea  could  gready  diminish 
the  possibility  for  frise  positive  results.  However,  a 
further  conaideratioo  is  that  the  precision  of  the 
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raeasuremeats  must  be  sufficient  to  eliminate 
ambiguity.  X-ray  measurem^ts  are  subject  to 
statistical  fluctuation  proportional  to  the  square  root 
of  the  number  of  photons  detected  (and  therefore  of 
the  measurement  time).  We  will  not  carry  out  an 
explicit  enor  analysis  here,  but  we  will  show  by 
example  the  range  of  results  which  accrue  from 
measurement  errors. 

A  complete  analysis  of  the  feasibility  of  dual  energy 
CT  would  require,  first,  an  extensive  compilation  of 
the  compositions  of  explosive  and  common  materials, 
and  second,  radiation  transport  modeling  of  these 
materials  using  a  variety  of  x-ray  source  spectra. 
Tables  1-3  give  a  first  cut,  short  version  of  such  an 
analysis.  While  not  complete,  it  is  possible  to  make 
some  signiticant  inferences. 

In  Table  1 ,  we  see  that  explosives  tend  to  have  higher 
densities  than  common  hydrocarbon  fibers  and 
plastics.  X-ray  attenuation  is  therefore  greater  for 
explosives.  There  are  marked  differences  in 
attenuation  at  optimum  energies  around  10  keV  for 
thin  materials.  However,  baggage  inspection  requires 
considerably  higher  energies,  50-150  keV,  in  order  to 
penetrate  the  thickness  of  baggage.  At  these  higher 
energies,  a  thin  sheet  explosive  is  almost  transparent 
to  x-rays,  and  there  is  very  little  difference  from  one 
material  to  the  next.  The  latter  point  is  emphasized  in 
Table  2,  where  relative  transmittances  are  given. 
There  is  only  a  percent  or  two  difference  between 
any  of  the  materials  at  higher  energies.  It  would  be 
difficult  to  achieve  precision  better  than  several 
percent  for  any  volume  element  in  a  fast  CT  scanner. 

Regardless  of  the  inherent  limitation  in  the  x-ray 
measurements,  we  may  proceed  further  and  look  at 
the  effective  atomic  numbers,  given  in  Table  3.  The 
values  in  Table  3  were  derived  from  Figures  I  and  2. 
If  the  measurements  could  be  very  precise,  there  are 
clear  distinctions  between  the  effective  Z’s  of 
explosives  and  many  hydrocarbon  materials.  An 
exception  is  wool.  This  is  an  unfortunate  exception, 
since  the  nitrogen  in  wool  also  gives  a  false  positive 
result  in  thermal  neutron  activation  (TNA)  scanners. 
The  other  unfortunate  result  is  the  error  bars.  Even 
at  low  energies,  2%  measurement  errors  lead  to 
effective  Z  ranges  which  obscure  distinctions  between 
materials.  It  would  be  difficult  to  obtain  2%  preci.sion 
even  in  ideal  laboratory  environments  whore  x-ray 
energies  can  be  optimized  and  long  counting  times 
are  possible.  At  the  higher  energies  needed  for 
baggage  scanners,  small  measurement  errors 
completely  obliterate  all  distinctions.  This  results  both 


from  the  very  small  attenuation  (Table  1)  and  from 
the  great  sensitivity  in  effective  Z  to  small  changes  in 
the  measurements  (Figure  2).  At  high  energies  all 
materials  "look  alike"  to  x-rays,  since  the  primary 
interaction  is  Compton  (inelastic)  scatter  which  is 
primarily  a  function  of  the  number  of  electrons 
present  (i.e.,  electron  density). 

In  the  short  list  of  materials  reviewed  here, 
explosives  stand  out  from  other  organic  materials  and 
polymers  principally  in  density.  Dual  energy  radiation 
techniques,  which  yield  effective  Z’s,  seems  to  offer 
little  help.  The  only  way  to  obtain  the  required 
precision  through  signal  averaging  is  to  use  many 
volume  elements  in  a  model-based  analysis  scheme. 

6.  CONCLUSIONS 

We  have  shown  that  dual  energy  CT  can  be  used  to 
provide  separate  images  of  density  and  effective 
atomic  number  in  laboratory  situations.  However, 
preliminary  analysis  suggests  that  unique  correlations 
between  density  iind  atomic  number  would  be  very 
difficult  to  obtain  in  a  practical  baggage  scanner  due 
to  inherent  limitations  in  sensitivity  and  measurement 
precision.  More  thorough  modeling  and 
computational  testing  are  required  to  evaluate  this 
technique.  It  is  likely  that  very  sophisticated  data 
processing,  using  correlation  schemes  and  model- 
based  analysis,  will  be  needed  for  this  technique  to 
succeed.  While  composition  (effective  atomic 
number)  adds  some  discrimination,  it  is  primarily 
density  which  distinguishes  explosives  from  other 
hydrocarbon  materials. 

If  the  inherent  limitations  can  be  conceptually 
overcome,  a  high  throughput  prototype  scanner  could 
be  assembled,  and  parallel  processing  techniques 
could  be  developed  for  fust  reconstruction  and 
decision  analy.sis.  Testing  would  be  needed  to 
demonstrate  speed,  detection  limits,  false  alarm  rates, 
and  ‘spoofability*. 
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Table  1.  Compositions,  densities  and  transmittances  (JJlo)  at  various  x-ray  energies  for  some 
explosives  and  common  materials 


Material 

Composition 

Density 

(grams/cc) 

fraction  transmitted  (l/Io)  by  1.0  mm 
lOkeV  25keV  50keV  lOOkeV 

explosive  1 

PBX9502 

1.9 

0.4030 

0.91360 

0.9614 

0.9710 

explosive  2 

Comp  B 

1.71 

0.4925 

0.9290 

0.9660 

0.9739 

explosive  3 

Comp  C-4 

1.65 

0.5087 

0.9315 

0.9670 

0.9746 

explosive  4 

PETN 

1.76 

0.4451 

0.9226 

0.9644 

0.9730 

polystyrene 

(C6H5CHCH2)n 

<1.0-1.0+ 

0.8112 

0.9689 

0.9810 

0.9843 

paraffin 

(CH2  06)n 

0.88-0.92 

0.83381 

0.9717 

0.9819 

0.9850 

polyethylene 

(-CH2-)„ 

0.92-0.95 

0.8318 

0.9706 

C.9813 

0.9844 

Nylon 

(C6HiiNO)n 

<1.0-1.14 

0.7462 

0.9600 

0.9773 

0.9816 

wool  (keratin)  17  amino  acids 

<1.0- 1.0+ 

0.6201 

0.9521 

0.9787 

0.9840 

wool 

@65%  humidity 

<1.0- 1.0+ 

0.6062 

0.9514 

0.9788 

0.9842 

water 

H2O 

1.00 

0.5961 

0.9507 

0.9777 

0.9832 

aluminum 

A1 

2.7 

0.00088 

0.6080 

0.9049 

0.9550 

steel 

Fe 

7.86 

10-58 

2.1x10-5 

0.2140 

0.7457 

Explosive  components  and  atomic  composition: 

PBX9502:  TATB(95%).  Kel-F(5%);  [C2.30H2.23N2.2lO2.2lCl0.038F0.13] 

Comp-B:  RDX(63%).  TNT(36%).  wax(l%);  [C2.03H2.64N2.18O2.67J 

Comp  C-4:  RDX(9 1  %),  Di(2-ethylhexyl)  sebacate(5.3%),  Polyisobutylene(2. 1  %), 
Motor  oil  1.6%);  [Ci.82H3.54N2.4602.5l] 

PETN:  [C5H8N4O12]  Dctasheet;PETN(85%),binder(15%) 

wool  C4.00H6.69N1.nO1.65S0.104 

at  21.2"C  and  65%  humidity,  add  16%  water 
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Table  2.  Relative  transmittance  (I/Iq)  for  the  explosives  and  comimm  matsdals  listed  in  TitUe  1. 


Composition 

transmittance  of  1.0  mm 

relative  to  water 

lOkeV  25keV  SOksV 

lOOkcV  j 

explosive  1 

PBX9502 

1.9 

0.676 

0.961 

0.983 

0.988 

explosive  2 

CompB 

1.71 

0.826 

0.977 

0.988 

0.99? 

explosive  3 

Comp  C-4 

1.65 

0.853 

0.980 

0.989 

0.992 

explosive  4 

PETN 

1.76 

0.747 

0.970 

0.986 

0.990 

polystyrene 

(C6H5CHCH2)n 

<1.0- 1.0+ 

1.361 

1.019 

1.003 

1.001 

paraffin 

(CH2.06)n 

0.88-0.92 

1.406 

1.022 

1.004 

1.002 

polyethylene 

(-CH2-)n 

0.92-0.95 

1.395 

1.G21 

1.004 

1.001 

Nylon 

(C6HnNO)„ 

<1.0-1.14 

1.252 

1.010 

1.000 

0.998 

wool  (keratin) 

17  amino  acids 

<1.0- 1.0+ 

1.040 

1.001 

1.001 

1.00! 

wool 

@65%  humidity 

<1.0- 1.0+ 

1.017 

1.001 

1.001 

LOC: 

water 

H2O 

1.00 

l.OOOO 

1.0000 

1.0000 

i(m> 

aluminum 

A1 

2.7 

0.0015 

0.640 

0.925 

0.955 

steel 

Fe 

7.86 

10-58 

2.2x10-5 

0.219 

0.758  1 
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Table  3,  Effective  atc^aic  number^  (7^)  at  selected  x-ray  enagies  for  the  explosive  and  common 
mateaiais  listed  Table  1  using  ratio  'method 


Material 

Composition 

Density 

(grams/cc) 

Zeff  fitHn  ratio  !n(I/Io)  with  2%  meas.  error 
2:effOilO/ti25)  Zeff(p50/pl00 

explosive  1 

PBX9502 

1.9 

7.45+0.68 

7.51+7.0 

explosive  2 

Comp  B 

1.71 

7.22+0.79 

7.17+8.0 

explosive  3 

Comp  C-4 

1.65 

7.17+0.81 

7.12+8.3 

explosive  4 

PETN 

1.76 

7.45+0.77 

7.36+7.7 

polystyrene 

(C6H5CHCH2)n 

<1.0- 1.0+ 

5.73+1.36 

5.58+>10 

paraffin 

(CH2.06)n 

0.88-0.92 

5.59+1.48 

5.50+>10 

polyethylene 

(-CH2-)n 

0.92-0.75 

5.51+1.38 

5.30+>10 

Nylon 

(C6HiiNO)n 

<1.0-1.14 

6.00+1.06 

6.09t>l0 

wool  (keratin) 

17  ar  lino  acids 

<1.0- 1.0+ 

7.28tl.28 

7.48+>l0 

wool  @65%  humidity 

<1.0- 1.0+ 

7.45+1.34 

7.60+>l0 

water 

H2O 

1.00 

7.55tl.36 

7.44t>10 

aluminum 

A1 

2.7 

13+0.2 

13+2.2 

steel 

Fc 

7.86 

26+0.02 

26+0.4 
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Figure  1.  Effective  atomic  number  (Zeff)  as  a  function  of  ln{(I/Io)@  10  kcV)/ln{(iyio)@25  IccV) 
which  rs  equivalent  to  (^i  @  10  keVVOi @  25  keV).  Note  that  the  ^proximate  slope 

(sensitivity)  AZ^Arado  =  0.51 
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Figure  2.  Etfective  atomic  number  (Zeff)  as  a  function  of  ln{(I/Io)@50  keV)An{(I/IoX®  100  keV) 
wh’ch  is  equivalent  to  (li  @  50  keV)/(p.  @  100  keV).  Note  that  the  approximate  slope 

(sensitivity)  AZ/Aratio  =15. 


DETECTION  OF  OBJECTS  CONCEALED 
UNDER  PERSONS’  CLOTHING  USING  THE  "SECURE"  SYSTEM 


Stevea  W.  Smith,  Ph.D. 
IRT  Corporation 


1.  INTRODUCTION 

Ths  probl  'im  of  detecting  weapons  and  contraband 
concealed  under  the  clothing  is  very  old.  Airline 
hijackings  in  the  i^w’O's  focused  the  problem  on 
detection  of  metal  tireanns  and  knives.  The 
technological  challenge  of  the  1990’s,  and  beyond, 
will  be  detection  of  non-metallic  weapons,  explosives 
and  illegal  drugs.  While  metal  detectors  and  chemical 
sniffers  may  be  used  for  the  detection  of  larger  metal 
objects  and  certain  chemical  substances,  no  system  is 
currently  available  that  can  detect  a  wide  variety  of 
concealed  objects  and  materials.  Security  personnel 
have  little  option  but  to  hand  search  persons 
suspected  of  concealing  many  kinds  of  threats.  This 
paper  describes  the  operating  principles  and  test 
results  (1)  of  a  new  technique  developed  to  address 
this  need. 

The  method  used  to  detect  concealed  objects  is 
referred  to  as;  Subambient  Exposure,  Computer 
Utilized  Reflected  Energy,  or  more  simply, 
SECURE.  As  the  acronym  implies,  SECURE  is  a 
back-scatter  x-ray  technique  that  produces  images  of 
subjects  and  any  objects  concealed  under  their 
clothing.  Two  operational  models  of  the  SECURE 
system  have  been  constructed  and  tested.  These 
systems  are  referred  to  as  the  SECURE  1000,  In 
physical  appearance,  the  SECURE  1000  is  self 
contained  in  an  enclosure  82  inches  high  by  4$  inches 
wide  by  32  inches  deep.  Persons  being  inspected 
stand  about  6  inche.s  in  front  of  the  system  and  must 
remain  relatively  motionless  for  3  seconds.  Almost 
immediately,  a  computer  enhanced  image  appears  on 
a  display  monitor  showing  the  outline  of  the  person 
and  any  concealed  objects.  A  typical  image  acquired 
on  the  test  sy^stem  is  shown  in  Figure  1.  Each  3 
second  scan  produces  an  image  of  one  side  cf  the 
person.  Multiple  views,  such  as  front,  rear,  and 
sides,  require  the  subjects  to  turn  their  bodies  for 
additional  scans. 

Techniquus  for  producing  images  using  x-rays  have 
been  in  common  use  for  nearly  one-hundred  years.  In 
the  same  context,  adverse  health  effects  from 


significant  exposure  to  x-rays  have  also  been  known 
for  nearly  this  long.  Until  the  develq>iDeot  of  Ae 
SECURE  technique,  the  overvtdielniing  view  of  both 
the  security  and  radiation  protection  communitiee  was 
that  x-ray  imaging  could  not  be  used  to  detect 
concealed  objects  on  persons  because  of  the  health 
implications. 


Using  this  as  a  background,  the  important 
technological  features  of  the  SECURE  technique  can 
be  appreciated.  Through  the  use  of  back-  scatter  x- 
ray  detection,  an  optimized  inuging  geometry,  and 
computer  image  enhancement,  the  SECURE 
lechnique  requires  only  a  small  fraction  of  the 
radiation  level  previously  thought  possible.  Radiation 
exposure  to  examined  persons  is  so  low  as  to  be 
trivial  compared  to  naturally  occurring  environmeotal 
radioactivity.  In  accordance  with  accepted  radiation 
safety  standards,  these  levels  are  completely 
negligible,  and  do  not  need  to  be  considmed  for 
purposes  of  radiation  protection. 

2.  PRINCIPLE  OF  OPERATION 

The  block  diagram  shown  in  Figure  2.  illustrates  the 
operation  of  the  SECURE  system.  A  small  x-ray 
source  provides  a  very  narrow  "pencil''  beam  of  x- 
ray  directed  at  the  body  of  the  person  being 
examined.  One  of  three  thongs  will  happen  to  each 
individual  x-ray  striking  the  body.  First,  the  x-ray 
may  pass  completely  through  the  body  without 
interacting.  At  the  relatively  low  x-ray  energy  used  in 
the  SECURE  method,  virtually  none  of  the  x-rays 
will  be  able  to  achieve  complete  penetration.  T^ 
second  event  that  may  happen  is  the  x-ray  interacting 
in  the  body  by  the  photoelectric  effect.  The  final 
result  of  this  interaction  is  that  the  x-ray  is  absorbed, 
releasing  its  energy  in'  j  the  body.  The  third  event 
that  may  occur  is  an  interaction  of  the  x-ray  by 
Compton  scattering.  This  can  be  most  simply  viewed 
as  an  x-ray  colliding  and  bouncing  off  of  an  electron 
in  the  body.  The  important  point  here  is  that 
Compton  scattering  does  not  destroy  the  x-ray,  it  only 
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changes  its  direction  and  energy.  Many  of  the  x-rays 
striking  the  body  will  penetrate  a  few  centimeters, 
interact  by  Compton  scattering,  and  exit  the  body 
through  the  same  surface  that  they  entered  the  body. 
These  "back-scattered"  x-rays  can  thai  be  detected  by 
large  area  x-  ray  detectors  placed  near  the  x-ray 
source. 

The  main  detection  principle  used  in  the  SECURE 
method  is  based  on  the  relative  magnitude  of 
Compton  scattering  as  compared  to  the  photoelectric 
effect.  X-rays  passing  through  materials  composed  of 
low  atomic  number  elements  are  most  likely  to 
interact  by  Compton  scattering.  X-rays  passing 
through  materials  composed  of  high  atomic  number 
elements  are  more  likely  to  interact  by  the 
photoelectric  effect.  As  shown  in  Figure  3,  this 
results  in  the  number  of  back-scattered  x-rays  being 
a  strongly  varying  function  of  the  atomic  number  of 
the  material  the  x-rays  were  scattered  from.  Low 
atomic  number  elements  produce  much  more  back- 
scatter  than  high  atomic  number  elements.  The  actual 
number  of  x-rays  detected  as  back-scatter  will  depend 
on  many  fixed  parameters  including  x-ray  energy  and 
imaging  geometry.  When  the  x-ray  beam  used  in  the 
SECURE  1000  is  directed  against  soft  tissue, 
approximately  7  percent  of  the  incident  x-ray  beam 
can  be  detected  as  back-scatter.  This  can  be 
compared  to  medical  radiography,  where  typically 
only  0. 1  percent  of  the  incident  x-rays  are  detected 
passing  through  the  body. 

Using  the  above  method,  the  relative  amount  of  back- 
scatter,  and  therefore  the  relative  atomic  number,  can 
be  measured  at  the  point  the  x-ray  beam  strikes  the 
body.  Additional  points  on  the  subjects’  body  are 
examined  by  rapidly  scanning  the  x-ray  beam  in  a 
raster  .scan  pattern.  These  measurements  are 
assembled  to  form  an  image  of  the  person  and  any 
objects  concealed  under  the  clothing.  Body  tissue, 
organic  matter  and  plastic  appear  light  in  the  image 
indicating  a  low  atomic  number  material.  Metals  and 
bones  near  the  surface  of  the  skin  appear  dark 
indicating  a  high  atomic  number  composition.  Before 
displaying  on  the  image  monitor,  each  image  is 
digitally  processed  using  various  non-linear  spatial 
filters  to  provide  easier  image  interpretation. 

Because  the  x-rays  penetrate  only  a  few  centimeters 
below  the  skin,  the  images  di.splayed  by  the  system 
show  only  tho.se  features  within  about  1-2  centimeters 
of  the  body  surface.  This  allows  detection  of  objects 
concealed  under  the  clothing  without  imaging  the 
body’s  internal  anatomy.  An  exception  to  this  is 


bones  in  the  lower  legs  which  are  near  enough  to  the 
skin  to  be  .seen  in  the  acquired  image. 

3.  RADIATION  SAFETY 

Each  scan  using  the  SECURE  technique  exposes  the 
subject  being  examined  to  a  3  microRem  dose  of  x- 
ray  radiation.  For  comparison,  medical  x-rays 
typically  expose  patients  to  30,000  to  300,000 
microRem  per  examination. 

Every  person  is  continually  exposed  to  radiation  from 
naturally  occurring  radioactive  materials  in  the  air 
and  soil.  The  level  of  this  "background"  radiation 
ranges  between  10  and  20  microRem  per  hour  (2), 
depending  on  local  conditions.  Cosmic  radiation  from 
space  also  provides  a  significant  radiation  level  that 
increases  with  elevation.  For  example,  commercial 
airline  passengers  are  typically  exposed  to  500 
microRem  per  hour  (3)  during  a  flight  at  35,000  feet 
above  sea  level. 

The  radiation  dose  values  listed  above  are  measured 
at  the  skin  of  the  subject.  The  average  eneigy  of 
background  radiation  is  significantly  higher  than 
used  in  the  SECURE  technique.  As  shown  in  Figure 

4,  this  results  in  background  radiation  penetrating 
more  deeply  into  the  body  than  radiation  used  in  the 
SECURE  system.  Each  SECURE  1000  scan  produces 
a  radiation  dose  of  3  microRem  at  the  subject’s  skin. 
This  same  3  microRem  is  produced  at  the  subject’s 
skin  each  10  minutes  from  exposure  to  normal 
background  radiation.  Tissue  below  the  skin  receives 
less  dose  because  it  is  partially  shielded  by  the  outer 
layers  of  tissue.  Near  the  center  of  the  body,  10  to  15 
centimeters  below  the  skin,  a  single  scan  from  the 
SECURE  technique  produces  less  radiation  dose  than 
a  1  minute  exposure  to  background  radiation.  As  an 
average  between  these  values,  the  radiation  dose 
resulting  from  a  SECURE  1000  examination  is 
equivalent  to  the  radiation  dose  all  persons  receive 
each  5  minutes  from  normal  background  radiation. 
Passengers  flying  aboard  commercial  airlines  are 
exposed  to  this  same  level  of  radiation  about  every  20 
seconds. 

Front  and  rear  scans  are  normally  required  to 
determine  if  a  subject  is  concealing  an  object.  In 
some  ca.ses,  side  views  are  also  required.  These 
additional  views  do  not  raise  the  radiation  exposure 
beyond  the  stated  comparisons  to  background 
radiation.  Each  additional  view  exposes  a  different 
side  of  the  body  to  the  x-  ray  beam.  For  example, 
after  a  front  scan,  the  front  of  the  subject  has  been 
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exposed  to  3  microRem  of  radiation,  hov/ever,  the 
rear  of  the  subject  has  received  virtually  no  dose. 
Only  after  all  four  views  are  completed  has  the 
subject  received  3  microRem  over  the  majority  of  his 
body.  Since  background  radiation  produces  a  dose 
over  the  entire  body,  S  minutes  of  exposure  to 
background  radiaticm  is  equivalent  to  a  SECURE 
examination  con^sed  of  4  views. 

As  the  above  analysis  shows,  the  radiation  exposure 
from  the  SECURE  system  is  small  compared  to  the 
radiation  exposure  from  naturally  occurring 
background  radiation.  Even  more  importantly,  the 
SECURE  dose  is  small  conrpared  to  behavior  induced 
variations  in  the  background  dose.  Every  person 
receives  250  to  SOO  microRem  of  radiation  dose  each 
day  from  background  radiation.  Variations  in  this 
level  result  from  local  conditions,  elevation,  housing 
material  and  even  clothing.  For  example,  deciding  to 
wear  a  sports  coat  instead  of  a  sweater  produces  a 
few  percent  change  in  the  background  radiation 
reaching  the  body.  Over  the  period  of  a  few  hours, 
this  results  in  a  few  microRem  change  in  dose.  In 
this  manner,  a  scan  from  the  SECURE  technique  is 
literally  equivalent  in  risk  to  wearing  a  sports  coat 
instead  of  a  sweater,  or  eating  lunch  on  an  outside 
patio  instead  of  an  inside  dining  room.  These 
comparisons  provide  the  strongest  claim  for  the  safety 
of  the  SECURE  technique.  The  SECURE  technique 
is  safe,  because  its  risks  are  no  larger  than  the  risks 
from  daily  activities  and  behaviors  that  are  considered 
unconditionally  safe. 


The  commercial  version  of  the  SECURE  system  will 
be  capable  of  performing  ^proximately  600  scans 
per  hour.  Based  on  a  single  scan  emission  of  3 
microRem,  this  results  in  a  total  maximum  radiation 
emission  cf  1800  microRem  per  hour.  This  can  be 
compared  with  Federal  regulations  classifying 
locations  with  re.<!pect  to  their  radiation  levels.  Under 
Part  20.10S.b.l,  Title  10,  Chapter  I  of  the  Code  of 
Federal  Regulations,  locations  with  radiation  levels 
less  than  2000  microRem  per  hour  are  classified  as 
‘unrestricted,”  the  lowest  category.  Access  to 
unrestricted  areas  is  not  controlled  for  purposes  of 
radiation  protection,  and  radiation  warning  signs  are 
not  required.  Even  with  intentional  operator  misuse, 
the  SECURE  system  cannot  emit  significantly  higher 
levels  of  radiation  at  any  point  on  the  exterior  of  the 
enclosure. 

The  National  Council  on  Radiation  Protection  and 
Measurentents  (NCRP)  has  recommended  an  annual 


effective  dose  limit  for  members  of  the  geomal  public 
of  100,000  microRem  per  yeu  (4).  Accq>ted 
radiation  safsty  procedures  require  that  efforts  be 
taken  to  ke^  this  exposure  as  low  as  reasonably 
achievable  (ALARA),  with  economic  and  social 
motors  being  taken  into  account.  In  1987,  the  NCRP 
specihcally  addressed  the  issue  of  very  low  lev<4 
exposure  to  radiation.  In  rq>ort  No.  91, 
Recommendations  on  Limits  for  Exposure  to  Ionizing 
Radiation  (4),  the  NCRP  recognizes  a  lower  limit 
below  which  further  effort  to  reduce  radiation 
exposure  to  the  individual  is  imwarranted.  They  refer 
to  this  as  the  Negligible  Individual  Risk  Level  (NIRL) 
and  assign  a  value  of  1000  microRem  per  year  from 
any  one  individual  source  or  practice.  Radiation 
exposures  at  or  below  the  NIRL  are  regarded  as 
trivial,  con^letely  insignificant,  and  ate  not  required 
to  be  considered  for  purposes  of  radiation  protection. 

In  another  publication  (5),  the  NCRP  addresses  the 
use  of  radiation  in  consumer  products: 

'In  certain  cases  the  use  of  radiation,  although  not 
mandatory,  enables  a  task  to  be  perfonned  more 
rapidly  and/or  economically.  In  a  few  cases,  dien 
may  be  no  technologically  better  way  of  conducting 
the  given  operation.  As  long  as  the  associated 
individual  and  collective  radiation  doses  are  small, 
such  applications  appear  to  be  acc^table.  Examples 
include  airport  luggage  inspection  systems  and  gas 
and  aerosol  (smoke)  detectors.* 

The  SECURE  technology  clearly  fells  within  both  the 
letter  and  spirit  of  these  radiation  exposure 
recommendations.  Even  when  individuals  are 
examined  up  to  300  times  per  year,  the  accumulative 
radiation  dose  fells  within  the  NIRL.  This  should  not 
be  interpreted  to  mean  that  all  persons  must  be 
restricted  to  less  than  300  scans  per  year.  The  NCRP 
enqdiasizes  that  the  NIRL  is  not  a  radiation  exposure 
limit  and  that  exposure  to  small  dose  increments 
above  Uie  NIRL  are  of  little  significance. 

4.  TESTING  RESULTS 

A  felly  operational  SECURE  1000  prototype  was 
tested  by  Sandia  National  Laboratories  during  the 
period  July  23-25, 1991.  Detection  capabilities  of  the 
system  were  evaluated  by  concealing  objects  on 
volunteers  and  then  scanning  them  with  the  SECURE 
1000.  The  acquired  images  were  then  inspected  to 
determine  if  t^  concealed  items  could  be  detected. 
The  testing  included  actual  samples  of  explosives, 
weapons,  and  illegal  chemical  substances.  More  than 
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200  scans  of  concealed  objects  were  acquired  during 
the  testing  period.  Additional  tests  were  made  to 
confirm  radiation  exposure  levels  and  investigate 
system  safety.  The  following  comments  and 
conclusions  are  takim  from  Sandia’s  report  of  the 
testing  (i). 

Explosive  testing  included  the  use  of  actual 
explosives,  including:  C4,  Detasheet,  Kinemax  and 
WaterGel.  The  primary  test  samples  were  100  gram 
blocks  of  Detasheet  and  C4.  Both  of  these  samples 
could  be  detected  without  question  on  any  subjects’ 
chest  area.  Explosives  located  in  overt  positions  on  a 
subject’s  body  could  be  detected  in  a  single  scan. 
Explosives  placed  in  covert  positions  (e.g.,  small  of 
back,  top  of  head,  ankle  area,  inside  thigh),  were 
always  detected  by  a  combination  of  two  scan  views, 
e.g.,  front  and  side. 

Weapon  testing  included:  North  American  Anns  MR 
(mini-revolver),  FIE  "The  Best"  .25  cal,  American 
Derringer,  Excam  (,T-27,  Ramline  .22  (plastic  and 
metal),  5"  hunting  knife  and  a  Special  Nuclear 
Materials  (SNM)  container.  These  weapons  were 
detected  in  both  overt  and  covert  locations.  Metallic 
objects  on  the  side  of  the  person  blend  in  with  the 
background  and  may  be  unobserved;  however,  a  side 
scan  would  provide  an  image  of  the  object. 

Illegal  chemical  substance  testing  used  evidentiary 
materials  from  past  court  cases  including  :  cocaine, 
Mexican  heroin,  marijuana,  and  anabolic  steroids  in 
various  forms,  i.e.,  pills,  capsules,  filled 
hypodermics,  and  vials.  Various  scenarios  were  used, 
atteuqjting  to  mimic  some  of  the  methods  used  to 
attempt  transport  of  illegal  chemical  substances  across 
borders.  The  items  could  usually  be  detected  by  a 
combination  of  scans,  i.e.,  side  and  front. 

Measurements  taken  on  the  system  showed  the 
radiation  exposure  during  normal  scanning  to  be 
2  +/-1  microRem.  Interlocks  and  safety  systems  on 
the  scanner  were  tested  and  there  appears  to  be  no 
danger  for  excessive  radiation  exposure  due  to  a 
mechanical  malfunction. 

5.  CONCLUSION 

The  feasibility  and  usefulness  of  the  SECURE 
technique  depends  on  two  factors;  first,  radiation 
safety,  and  second,  detection  capabilities.  Safety  of 
the  system  is  certain.  Any  health  risk  a:»ociated  with 
the  techniques  is  no  greater  than  the  risks  associated 
with  everyday  activities  that  are  considered 


unquestionably  safe.  The  full  detection  capabilities  of 
the  system  will  be  determined  through  future  field 
tests,  however,  summarized  in  the  report  from  Sandia 
Laboratories,  "The  primary  conclusion  which  can  be 
made  is  that  the  SECURE  1000  does  have 
applicability  to  the  detection  of  contraband  material(s) 
on  personnel.  This  includes  explosives,  illegal 
chemicals,  weapons  and  SNM. 
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Figure  1.  The  following  concealed  objects  can  be  identified  in  this  actual  SECURE  1000  image: 

simulated  one-half  pound  plastlque  explosive  charge;  .38  caliber  handgun;  two 
quarters;  screwdriver  with  a  plastic  handle;  metal  watchband. 
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FIgut«  1  The  SECURE  technique  uses  a  scanning  "pencil"  beam  of  x^rayst  back>scatter  x-ray 
detectors*  and  computer  processing  to  generate  an  image  of  the  subject 
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Figure  3. 


Low  atomic  number  materials  produce  a  much  higher  level  of  back*8cattered  x-rays 


than  high  atomic  number  materials. 
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Figure  4.  Naturally  occurring  background  radiation  is  of  signiflcantly  higher  energy  than  used 
in  the  SECURE  technique,  resulting  in  deeper  penetration  into  the  body. 
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1.  INTRODUCTION 

Traditional  X-ray  transmission  systems  are  not  well 
suited  to  detection  of  low  Z  threats  such  as  plastic 
explosives.  Several  different  approaches  have  been 
implemented,  such  as  backscatter  and  dual  energy,  to 
use  X-ray  imaging  to  detect  these  threats.  The 
physical  principles  of  X-ray  interactions  are  used  to 
interpret  the  results  and  to  deduce  the  types  of 
materials  present  in  the  luggage.  These  X-ray 
technologies  are  sensitive  to  the  overall  density  and 
atomic  number  of  the  constituents  and  since  plastic 
explosives  are  typically  characterized  by  low  atomic 
number  (lo'V  Z)  and  high  density  (relative  to  other 
low  Z  materials),  these  techniques  can  be  effective  in 
locating  explosive  threats  in  many  situations. 

In  an  attempt  to  improve  on  the  detection  capabilities 
of  the  AS&E  Model  lOlZ^,  a  new  approach,  based 
on  forvv<\rd  scattering,  has  been  investigated  at 
AS&E.  The  physical  ^kground  for  this  technology 
as  well  as  some  preliminary  results  of  this 
investigation  are  presented. 

2.  BACKGROUND 

AS&E  manufactures  and  sells  X-ray  inspection 
equipment  based  on  a  flying  spot  technique.  The 
technique  is  shown  schematically  is  Figure  1.  A 
rotating  chopper  wheel  and  a  stationary  slit  form  a 
thin  pencil  beam  of  X-radiation  which  is  used  to 
raster  scan  a  bag.  A  single  detector  collects  the 
transmitted  radiation  and  converts  it  to  an  electrical 
signal.  This  signal  is  digitized,  stored  and  used  to 
create  a  visual  image  of  the  transmission  of  X-rays 
through  the  bag. 

X-rays  are  removed  from  the  pencil  beam  in  one  of 
two  ways.  They  are  either  absorbed  (photoelectric 
absorption),  or  they  are  scattered  (Compton 
Scatterii.^)  by  material  in  die  bag  (note:  this 
approximation  is  only  true  in  the  energy  range 


typically  used  to  screen  airport  luggage;  at  higher 
energies,  pair  producdoo  must  be  considered).  For 
transmission  imaging,  both  processes  contribute  to  the 
signal.  The  resultant  signal  is  given  by  die  formula 
in  Figure  2.  The  integral  is  over  die  energy 
spectrum  of  the  incidat  radiation.  The  exponential 
term  is  the  attenuation  along  the  line  of  sight 
associated  with  a  given  pixel  for  a  given  energy 
photon.  Completing  the  equaticm  is  the  probability 
of  detection  in  the  transmission  detector  times  the 
energy  of  the  photon  (only  true  in  energy  sensitive 
detectors;  in  photon  counting  detectors  this  energy 
foctor  is  not  present).  The  transmission  at  any 
energy  depends  on  Dm  density  of  the  material  and  on 
the  total  mass  attenuation  coefficient  (/O  which 
describes  both  the  scattering  and  absorption. 

The  total  attmiation  coefRcieot  consists  mainly  of 
contributions  from  Compton  sciUtoring  and  from 
photoelectric  disorptioo.  Since  the  photoelectric 
absorption  cross  section  U  strongly  energy  dependent, 
the  total  attenuation  coefficient  is  also  strongly  energy 
dependent  in  the  region  where  the  photoelectric  effect 
is  dominant.  For  metals  such  as  iron,  this  is 
generally  true  up  to  energies  m  the  range  l(X>-lS0keV 
whereas  for  organic  material  (e.g.  the  element 
nitrogen,  and  plastic  explosives),  die  Compton  effect 
dominates  at  energies  above  approximately  20keV. 
Since  the  total  absoiption  cross  sections  for  low  Z 
and  high  Z  material!  are  different ,  it  is  possible  to 
make  two  separate  measuremenU  at  different  energies 
to  determine  the  amount  of  metal  and  the  amount  of 
low  Z  material  present  in  an  object.  Traditional  dual 
energy  systems  will  employ  the  equations  of  Figure 
2  using  either  two  input  energy  spectrums,  or  two 
detectors  with  different  ?<(£),  and  some  mathematical 
analysis  to  separate  the  amount  of  high  and  low  Z 
materials. 

When  an  mcident  x*ray  photon  undergoes  a  Compton 
scattering  interaction  there  is  a  scattered  X-ray  photon 
whose  energy  is  not  Ctf  different  from  the  incident  X- 
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ray  photon  (the  actual  scattered  photon  energy  is  a 
function  of  the  scattering  angle).  This  scattered  X- 
ray  photon  can  also  be  detected.  The  Z  technology 
manufactured  by  AS&E  uses  a  fl>  ing  spot  technique 
coupled  with  detection  of  Compton  backscattered 
radiation  to  produce  images  that  directly  highlight 
high-density,  low-Z  materials.  Figure  3  shows  a 
schematic  of  a  Model  10 IZ  backscatter  system. 
Figure  4  shows  the  equation  describing  the  expected 
measured  signal  horn  such  a  backscatter  system  using 
the  same  notation  as  in  Figure  2.  Again  the  first 
integral  is  taken  over  the  incident  X-ray  spectrum  as 
a  function  of  energy.  The  next  integral  is  taken 
along  the  line  of  sight  in  the  bag.  The  scatter  signal 
detected  from  each  depth  into  the  bag  is  treated 
differentially.  The  first  term  in  the  square  brackets 
describes  the  attenuation  of  the  beam  from  the  front 
surface  of  the  bag  to  the  depth  Z’.  The  second  term 
in  square  brackets  describes  the  probability  of  scatter 
per  photon  in  the  region  of  the  pencil  beam  from  Z’ 
to  Z’-l-  dZ’.  The  third  term  in  square  brackets 
describes  the  attenuation  of  the  scattered  radiation  as 
It  travels  from  the  region  of  scatter  to  the  scatter 
detectors  over  the  total  solid  angle  of  those  detectors, 
and  therefore  must  be  integrated  over  the  solid  angle 
subtended  by  the  detectors.  The  factor  (P,,(E')E’) 
again  represents  the  detection  efficiency  for  an  energy 
sensitive  detector.  X-ray  backscatter  imaging  is 
effective  for  detecting  high-density,  low-Z  materials 
such  as  plastic  explosives  and  narcotics  in  cluttered 
environments. 

X-rays  scatter  from  the  object  in  all  directions 
according  to  the  Klien-Nishina  formula  for  the 
differential  scattering  cross  section.  Since  the  X-rays 
that  scatter  in  the  forward  direction  must  also  traverse 
the  remainder  of  the  object,  the  raw  forward  scatter 
image  contains  a  measure  of  the  scatter  probability  as 
nKxiulated  by  the  total  attenuation  properties  of  the 
surrounding  material.  If  the  transmission  image  is 
also  measurod,  an  algorithm  can  be  developed  to 
produce  separate  images  of  low  and  high  Z  materials. 

3,  FORWARD  SCATTER  IMAGING 

A  new  technique  for  detecting  low  Z  materials  with 
X-rays  utilizes  detection  of  forward  scattered  X- 
radialion.  Figure  5  shows  a  forward  scattering 
system  in  schematic  temu.  Figure  6  shows  the 
equations  for  forward  scattering  for  a  monoenergetic 
beam  of  X-rays  using  the  same  notation  as  the 
previous  equations.  Note  that  as  with  backscatter, 
there  is  an  integral  over  the  thickness  of  the  object; 
however,  the  second  attenuation  term  is  now 


integrated  over  the  range  from  Z’  to  L.  If  the 
scattering  angle  is  small  the  equation  reduces  as 
shown  in  equation  6a. 

The  more  interesting  case  occurs  when  there  are  both 
high  and  low  z  materials  in  the  beam.  This  situation 
is  illustrated  in  Figure  7.  The  two  equations  in  two 
unknowns  can  be  solved  to  obtain  the  thicknesses  of 
the  two  materials,  as  shown  in  the  two  equations. 
The  above  analysis  is  appropriate  for  a  monoenergetic 
X-ray  spectrum.  Since  it  is  not  obvious  that  the 
technique  will  also  work  with  the  polychromatic 
spectrum  produced  by  an  X-ray  tube,  a  Monte  Carlo 
computer  analysis  was  performed  to  simulate  this 
situation. 

4.  MONTE  CARLO  CALCULATION 

To  test  the  Monte  Carlo  progra  “i,  a  monochromatic 
X-ray  beam  was  used  initially.  Assumptions  were 
made  for  energy  efficiency  for  the  transmission  and 
scatter  detectors  based  on  the  design  of  these 
detectors.  Cross  section  information  was  included 
from  the  Compilation  of  X-ray  Cross  Sections'. 
Input  parameters  to  the  program  included  the  amount 
of  material  of  iron  (X  gm/cm^  and  the  amount  of 
plastic  (Y  gm/cm^,  and  the  X-ray  energy.  Each 
combination  of  material  thicknesses  is  represented  by 
a  point  on  a  graph  of  transmission  signal  vs.  scatter 
signal.  The  results  for  140kV  X-rays  ere  shown  in 
Figure  8.  From  this  Figure  we  can  see  that  over  the 
useful  range  of  material  thickness,  there  is  a  one  to 
one  mapping  relating  the  pair  of  values  (X,Y)  to  the 
pair  of  measured  values  (T,S),  and  therefore  such  a 
system  could  use  the  two  measured  values  to  deduce 
the  nuterial  thickne.s5es. 

Next  the  model  was  expanded  to  include  a 
polychromatic  spectrum  typical  of  a  hltered  X-ray 
tube.  It  was  not  known  whether  the  technique  would 
extrapolate  to  this  situation  because  of  the  way  the 
cross  sections,  and  therefore  the  total  attenuation  and 
scatter  signals,  change  with  energy.  Figure  9  shows 
the  results  of  this  calculation.  Again  different 
amounts  of  plastic  and  metal  are  represented  by 
different  combinations  of  transmission  and  forward 
scattering  signals.  Tlic  separation  between  these 
points  indicates  that  forward  scattering  technology 
can  be  u.sed  to  .separate  high  and  low  Z  material  in  a 
practical  system. 

5.  LABORATORY  TESTING 

A  laboratory  test  was  conducted  to  evaluate  the 


forward  scattering  technology.  A  two  dimensional 
step  wedge  was  constructed  by  placing  a  horizontally 
varying  plastic  step  wedge  bdiind  a  vertically  var}‘:ng 
steel  step  wedge  to  produce  a  pattern  of  rectangular 
regions  each  of  which  has  different  thicknesses  of 
metal  and  plastic.  A  model  101 Z  source  and 
transmission  detector  were  used  in  addition  to 
forward  scatter  detectors  with  electronics  taken  from 
a  model  lOlZ  backscatter  detector.  Each  detector 
produced  a  separate  image  of  the  phantom,  one  in 
transmission  and  the  other  in  forward  scattering. 
Each  of  the  rectangles  was  analyzed  to  obtain  the 
average  and  standard  deviation  of  the  signal  level  for 
both  detectors,  and  the  results  are  plotted  in  Figure 
10.  The  separation  of  the  data  points  shows  that 
forward  scattering  can  be  used  to  separate  the  high 
and  low  Z  materials  in  this  thickness  range. 

6.  CONCLUSIONS 

A  Monte  Carlo  computer  simulation  and  a  simple 
experimental  system  was  used  to  test  the  idea  of 
using  forward  scatter  and  transmission  data  to 
measure  the  amount  of  high  and  low  Z  material  in  the 
path  of  an  X-ray  beam.  These  data  indicate  that  a 
forward  scattering  system  will  have  the  capability  to 
separate  high  and  tow  Z  material  using  a  simple  look 
up  table  of  values  of  thickness  for  given  signals.  A 
system  that  uses  this  technology  could  then  show 
separate  images  of  noetal  and  plastic  only  over  a  wide 
range  of  material  thickness.  Tlus  system  will  have 
certain  advantages  over  both  backscatter  imaging  and 
dual  energy  imaging.  AS&E  plans  to  implement 
forward  scattering  into  the  model  10 IZ  systems  under 
a  later  phase  of  a  currently  awarded  contract  (contract 
#  DTFA03-90-C00047)  with  the  FAA  Technical 
Center'  to  develop  and  test  a  automatic  explosives 
detection  system  (EOS). 

NOTES 

1)  Compilation  of  X-ray  Cross  Sections,  W.H. 
McMastor,  N.  Kerr  Del  Grande,  J.H.  Malletl.and 
J.H.  Hubbell,  National  Bureau  of  Standards,  TID- 
4SOO.UC-34  Physics.UCRL-50174  Sec  II,  Rev  I 


Figure  1.-  Schematic  diagram  ol  Flying  Spot  System  tor  Transmission  only 


T(x,y)=j  dEN(E)e  -{(d^t^‘<»WE)P(*'‘y-^'>}pd(E)E 

where 

T(x,y)  =  the  transmission  at  the  x  and  y  coordinates  of  the  projected  image. 

N(E)  =  number  of  incident  X-ray  photons  between  E  &  E+  8E 

P{(x'  ,y’  X  ,E)  =  the  total  mass  attenuation  (cm2/gm)  coefficient  as  measured  along 
the  X-ray  line  of  sight 

p(x'  ,y'  ,2' )  =  the  density  (g/cm^)  of  the  materials  in  the  bag  along  the 
X-ray  line  of  sight. 

Pjj{E )  =  the  probability  of  detection  of  a  photon  of  energy  E  incident  in  the 
detector 

E  =  photon  energy 

* 

This  may  be  written  in  a  simplified  form: 

T(x,y)  |dEN(E)T(x'.y-.E)Pd(E)E  (2a) 

where 

T (x’  ,y'  ,E)  =  the  transmission  of  the  bag  at  energy  E  along  the  X-ray  line 
of  sight. 
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Figure  3.-  Schematic  diagram  ot  Flying  Spot  System  forTransmission  and  Backscatter 


[f  1  Pd(E')  E' 

where  the  notation  is  the  same  as  for  the  transmitted  radiation,  except 

S(x,y)  =  the  scattered  photon  signal  from  the  position  (x.y)  of  the  projected  image. 

Z  =  depth  into  the  object  along  the  pencil  beam. 

The  Compton  scattering  cross-section  as  a  function  of  energy.  The  cross 
section  is  also  a  function  of  angle.  However  the  backscatter  detectors 
used  here  sample  a  range  of  angles  over  which  the  cross  section  is 
nearly  flat.  This  angular  dependence  is  dropped  for  simplidty. 

E’  =  The  photon  energy  after  scattering. 


This  may  be  simplified  as  : 


S(x,y)=|  dEN(E)  dz’T(x’.y'.z'.E)  pc(E)p(x'.y’.z')  r(x",y’*,z*,E’)  }  Pd(E')E'  (4a) 


where: 

T(x',y',z’,E)  is  the  transmission  of  the  bag  at  energy  E  along  the  X-ray  line  of 
sight  to  a  depth  Z',  and 

T(x’’,y",2’,E’)  is  the  transmission  of  the  bag  at  E’  from  the  depth  z’  averaged 
over  the  total  solid  angle  of  the  scatter  detectors. 


Figure  4 


Figure  5.-  Schematic  diagram  of  Flying  Spot  System  forTransmission  and  Forward  Scatter 


F(x,y)=jdEN(B)]dz'[e-IJ.''‘’^“'''''''‘-®  It  Fc(E)  p(x',y’,z')i 
[f  ]  Pa(E')  E' 


where  the  notation  is  the  same  as  for  the  transmitted  radiation,  except 

F(x.y)  =  the  scattered  photon  signal  from  the  position  (x.y)  of  the  projected  image. 

Z  =  depth  into  the  object  along  the  pencil  beam. 

=  The  Compton  scattering  cross-section  as  a  function  of  energy.  The  cross 
section  is  also  a  function  of  angle.  However  the  Forward  scatter  detectors 
used  here  sample  a  range  of  angles  over  which  the  cross  section  is 
nearly  flat.  This  angular  dependence  is  dropped  for  simplicity. 


E’  a  The  photon  energy  after  scattering. 

Since  for  small  angle  forward  scattering,  the  photon  energy  is  nearly  unchanged  and 
the  scattered  photon  passes  through  nearly  the  same  material  as  the  primary  beam, 
this  may  be  simplified  as  : 


dEN(E) 


dz'  T(x',y',L,E)  pc  (E)p(x’y,z’) 


}  P<i<E')E' 


(6a) 


where: 

T(x’,y’,L,E)  is  the  transmission  of  the  entire  bag  at  energy  E  along  the  X-ray  line  of 
sight. 


Figure  6 
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Figure  8.'  Forward  Scatter  Monte  Caito  calcutation  for  140  keV  X-oiys. 
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Figure  10,  Forward  Scatter  vs.  Transmfesion  ■  Data  collected  using  a  model  1012  X-ray 
source  operated  at  140kV,  and  Model  lOlZ  transmission  detector  and  backscatter 
detector  located  to  collect  forward  scattered  radiation. 
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1.  INTRODUCTION 

The  Vivid  Rapid  Explosives  Detection  System  is  a 
precision  materials  analysis  instrument  designed  to 
automatically  inspect  airport  baggage  for  the  presence 
of  explosive  materials.  The  unit  also  features  a  high 
quality  image  and  many  imaging  enhancements  to  aid 
human  operators  in  baggage  inspection  and  in  visually 
clearing  false  alarms.  Hie  system  is  designed  to 
physically  resemble  imaging-only  x-ray  machines  now 
in  place  in  airports  around  the  world  and  is  able  to  be 
used  in  any  location  where  a  conventional  x-ray 
machine  is  currently  installed. 

2.  SYSTEM  COMPONENTS 

The  Vivid  system  combines  an  ultra-stable  dual 
energy  x-ray  scanner,  a  high  performance  computer, 
and  an  advanced  imaging  system  together  with  a 
unique  software  algorithm  to  achieve  true  materials 
analysis  on  objects  in  airport  baggage. 

The  dual  energy  scanner  provides  precision  high 
voltage  pulses  to  an  industrial  quality  x-ray  tube  to 
produce  alternating  x-ray  pulses  with  2  different 
energy  spectra.  This  technique,  in  conjunction  with 
an  array  of  $160  detectors  utilizing  proprietary 
detector  circuitry,  providm  high  resolution  and 
quality  x-ray  data  with  an  accuracy,  stability  and 
reproducibility  unmatched  in  the  industry. 

This  data  stream  is  seat  to  a  high  performance  array 
of  ‘super-micro*  computers,  based  on  transputers, 
manufactured  by  Itunc^  Ltd.,  and  iS60's, 
manufactured  by  Intel  Corp.  This  computer  power, 
which  achieves  peak  rates  of  200  million  floating 
point  operations  per  second  (Mflops),  is  configured 
as  a  parallel  processor  wifli  a  very  high  Inpul/Oulpul 
data  rate  and  is  expandable  to  over  dOOMflops  for 
future  algorithm  features  and  enhancements. 
Additionally,  the  machine  is  ‘network  ready* 
incotpomling  an  industry  standard  Ethemeifim) 
connection  utUiring  ataadird  protocols. 


The  operator’s  screen  is  a  high  resolution  million 
pixel  display  commonly  used  in  engineering  CAD 
applications  which  provides  bright  and  sharp  black 
and  white  and  color  images. The  software  provides 
many  advanced  image  enhancements  with  several 
unique  image  and  threat  analysis  inodes.  The  operator 
interface  is  designed  to  be  familiar  to  current  x-ray 
machine  operators  and  compatible  with  airport 
operations  and  facilities. 

The  machine  incorporates  high  reliability  components 
and  features  extensive  self-test  and  diagnostic 
capabilities  to  insure  the  high  level  of  accuracy  in  an 
airport  environment.  It  continuously  monitors  internal 
voltages,  temperatures,  and  interlocks.  An  integral 
modem  allows  remote  diagnosis  for  more  accurate 
field  service  calls  to  minimize  roean-time-to-repair. 
VDE/TUV  certification  is  standard. 

Current  x-ray  machines  create  images  that  roughly 
depict  the  composite  atomic  number,  coded  a  color 
chiuige  in  the  case  of  'B-Scaa”  or  ‘HiMat’*  or  as  a 
white  on  black  image  for  organic  objects  near  the 
surface  of  a  bag  in  the  case  of  backscatlcr-based  x- 
ray  machines. 

The  composite  atomic  number  methods  are  only  able 
to  broadly  classify  objects  in  bags  as  organic, 
inorganic,  or  metallic.  Typical  baggage  contains 
mostly  organic  objects  and  so  the4«e  images  provide 
little  discrimination  between  normal  objects  and  the 
high  explosives.  Additionally,  overlying  objects  and 
materials  can  shift  the  composite  atomic  number 
which  confu.sos  the  ability  to  discern  the  composituw 
of  the  otject  of  interest. 

The  hack.scatter  method  images  organic  materials  near 
the  surface.^  of  bags  but  the  backscalter  photons 
generated  have  little  penetrating  power  and  are  easily 
masked  by  overlying  objects  and  materials. 

The  Vivid  materials  analysis  system  compares  each 
object  in  a  bag  to  its  local  background  to  determine 
the  effective  atomic  number  of  the  material  in  that 
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object.  The  effect  of  overtying  objects  and  materials 
is  effectively  subtracted  out  thus  yielding  a 
measurement  that  is  independent  of  other  objects  in 
the  bag  as  well  as  the  bag  itself.  This  can  only  be 
done  with  data  taken  on  an  absolutely  characterized 
and  stable  x-ray  system  and  requires  an  extremely 
high  level  of  computation,  on  the  order  of  SOO 
million  floating  point  operations  per  bag. 

Typical  detection  images  shown  represent  2  organic 
objects  with  equivalent  mass  and  densities  and 
differing  slightly  in  effective  atomic  number.  One  of 
the  objects  is,  in  fact,  C4  high  explosive.  Detection 
is  unchanged  with  the  addition  of  a  1  inch  thick 
aluminum  plate.  The  C4  explosive  in  both  cases  is 
highlighted  in  red  over  the  grey-scale  image,  the 
other  object  is  rejected  and  is  shown  in  normal  grey 
scale. 

The  next  image  shows  the  same  2  objects  in  a 
different  bag,  and  in  a  bag  with  a  1/16  inch  steel 
plate  overlaying  the  objects.  The  composite 
‘TriMaterial*  image  shows  that  the  plate  changes  the 
color  of  the  organic  objects  into  the  inorganic  range. 
The  Vivid  detection  image  again  shows  detection  of 
the  explosive  and  rejection  of  the  other  organic 
material  despite  the  intervening  steel  plate. 

The  effective  atomic  number  of  a  material  is  shown 
to  be  an  effective  way  to  discriminate  the  ’plastic* 
explosives  consisting  of  RDX  and  PETN-based 
materials.  The  window  in  effective  atomic  number  is 
a  f^laltvely  narrow  slice  of  an  admittedly  large 
population  of  materials  that  can  be  found  in  airport 
baggage.  Other  explosives,  due  to  their  high  nitrogen 
and  oxygen  contents  such  as  TNT,  also  fall  within 
this  narrow  window.  The  Vivid  system  is  architected 
to  allow  for  multiple  'windows'  placed  anywhere  in 
the  entire  organic  spectrum  to  simultaneously  detect 
multiple  (yp^  of  materiaU.  e.g.  other  typ^  of 
expltnives  or  drugs. 

3.  VIVID  DETECTION  ALGORITHM 

The  Vivid  detection  algorithm  is  an  effective  expert 
system  for  the  detection  of  threats  and  contraband  in 
baggage.  The  algorithm  architecturs  is  a  muUitevel 
analysis  responsive  to  the  full  spectrxun  of  explosive 
devices  and  baggage  contents.  Information  utilized  by 
the  algorithm  includes,  but  is  not  limited  to, 
composition  analysis,  identification  of  bomb 
components,  shape  and  other  heuristics,  as  well  as 
object  definition,  isolation  and  mass.  Currently,  over 
ISO  separate  parameters  govern  the  performance  of 


the  algorithm.  This  parameter  set  can  be  tuned  to  a 
wide  range  of  Probability  of  Detection/Probability  of 
False  Alarm  rate  settings,  offering  the  user  the 
capability  of  adjusting  the  machine  in  re^xnse  to  the 
local  or  changing  levels  of  threat. 

Testing  and  tuning  of  the  algorithm  is  done  on  an 
extensive  database  of  recorded  baggage  data.  The 
bomb-free  set  was  recorded  at  Logan  Intematiooal 
Airport  in  Boston,  Ma.  Over  1500  checked  bags  from 
9  international  carriers  was  recorded  during  a  2  week 
period  in  October  1990.  The  bomb  set  currently 
numbers  over  700  and  consists  of  various  exploaivea 
concealed  in  heavily  packed  baggage. 

The  Vivid  Rapid  Explosives  Detection  System  it 
designed  to  be  an  integral  part  of  a  multi-sensor 
Explosive  Detection  System  (EDS)  as  well  as  a 
standalone  security  system.  The  Vivid  Information 
Protocol  is  designed  to  allow  information  to  be 
pas^  from  the  Vivid  machine  to  other  devicea 
downstream  to  spe^  inspection  and  provide  a  hi|^ 
clearing  rate.  Industry  standard  network!  (Ethernet) 
and  protocols  provide  an  easy  and  reliable 
interconnection. 

Capabilities  include  machine  control  and  itatua  to 
Miablo  integration  with  a  high  level  host  program, 
bag  fofoimatioo.  which  can  include  ID.  total  am  of 
the  bags,  suitcase  composition  (doth,  metal,  plastic), 
image  data  (for  recording  ami  display),  and  throat 
object  mfonnation  such  as  object  ID,  object  location 
and  size,  object  mass  and  estimated  density. 

This  protocol  could  be  utilized  to  implement  •  ‘one- 
up  review’  system,  which  allows  an  explosives  expert 
equipped  with  a  Sue-based  woriratatioo  which  U 
networked  to  many  Vivid  machinea  to  review  imagea 
which  cannot  be  cleared  by  the  machine  operaton. 
This  would  allow  a  human  expert  to  consult  with 
each  operator  as  required  without  moving  from  his 
remotely  located  workstation.  Information  could  also 
be  nsed  to  ■  display  system  which  would  guide 
security  personnel  b  hind  intprciiooi. 

4.  SUMMARY 

In  summary,  the  Vivid  Rapid  Explotivea  Detection 
System  is  an  effective  tool  for  aiipod  MCttrily, 
available  now  and  for  the  future.  It  can  be  utilized  as 
pari  of  an  aoloroated  system  of  detection  devicea  or 
as  a  standalone  device  combining  machine  decision 
threat  detection  with  the  best  image,  peoetoatioo.  and 
resolution  in  the  industry. 
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1.  INTRODUCTION 

Standaid  tnmsmission  radiogta|diy  is  used  in  many 
types  of  inflections.  We  are  all  familiar  with  the 
technique.  RadiognqAy  allows  the  examination  of  the 
interiors  of  objects.  X*ray  imager  yield  infonnatioa 
about  the  shape  and  density  of  the  items  inside  of  an 
object. 

One  potential  problem  with  tnmsmission  radiognqihy 
for  the  detection  of  explosives  is  die  difficulty  in 
image  inteipretation  when  dense  items  obscure  or 
confuse  the  observadon  of  lower  density  objects.  Our 
experience  has  shown  that  this  can  certainly  be  the 
case  when  one  desires  to  detect  explosives  on  the 
interior  of  contaieos  which  also  contain  metallic 
objects.  The  clutter  caused  by  overlfiping  objects  can 
be  a  serious  problem  in  image  interpretation. 

This  paper  will  describe  X>ny  laminography,  a  3* 
dimensional  inspection  technique  that  can  i^uce  the 
problems  caused  by  ovm4apping  objects  in  normal 
transmission  X-radiography.  An  example  of  the 
technique  will  be  present. 

2.  TECHNICAL  DISCUSSION 

Laminography,  or  Tomosynthesis'  as  it  is  sometimes 
called,  is  a  technique  which  produces  images  of 
"slices*  through  the  object.  These  slices  are  generated 
from  normal  transmission  tadiognqihs  taken  at 
multiple  angles. 

The  resulting  individ^ial  slice  images  are  similar  to 
those  obtained  using  computed  tomography,  but  can 
be  obtained  iu  a  fraction  of  the  time  necessary  for  a 
compete  CT  inspection.  These  slices  can  be 
combined  to  produce  a  fully  three  dimensional 
r^wesentatioa  of  the  contents  of  the  inifiected  object. 

Laminography  is  based  on  a  very  simple  geometric 
property.  This  basic  principle  is  shown  in  Figure  1. 
The  length  of  the  projection  of  a  line  of  length  L  is 


given  by  the  equation 


where  P  is  the  lengtii  of  tiie  projection. 

L  is  the  length  of  tiie  object  line. 

H  is  the  distance  between  the  source  and  image 
planes. 

O  is  the  distance  between  the  image  {daoeandtim 
object  line. 

The  length  of  the  prqjection  P  on  the  imsge  plains  is 
seen  to  be  independent  of  the  lateral  position  of  tiw 
source. 

The  two  dimensional  geometrical  principle  diown  in 
Figure  1  can  be  extended  to  tiim  dinaentiona  as 
shown  in  Figure  2.  In  this  figure  we  diow  tiaee 
sketches  of  die  projections  of  a  two  layer  ot^  widi 
the  X-ray  source  at  diffierent  positions.  The  sonroe  is 
constrai^  to  move  in  a  plane  which  we  call  the 
source  plane.  The  prelections  are  measured  on  a 
second  plane,  parallel  to  die  soutoe  plane,  labeled  dm 
image  plane.  The  d^ect  is  assumed  to  have  a  Ctom 
(X)  on  one  of  die  layen  and  a  Plua  (4- )  on  odier 
layer. 

The  positions  of  the  projections  move  on  die  image 
plane  as  the  source  movea;  but,  by  the  geometrical 
argument  given  above,  both  the  ahi^  and  aim  of  die 
X-iay  image  are  unaffected  by  die  soutoe  pontion. 

if  one  moves  the  imager  as  the  source  is  moved  (ss 
shown  by  die  box  around  die  Plus)  then  the  image  of 
the  Plus  will  be  fixed  at  the  same  location  on  die 
imager  as  the  movement  piogreeeea.  Integration  of 
the  image  during  tiie  motion  will  produce  a  tihaip 
image  of  die  Plus.  The  position  of  die  X  is  seen  to 
move  actoaa  die  image  as  die  integration  takes  {dace. 
This  will  produce  a  blurred  image  of  this  feati^ 

The  above  example  showed  a  linear  motion  of  the 
source  and  imager.  The  motion  of  die  aource  oould 
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have  been  circular  or,  indeed,  could  have  been  along 
any  arbitrary  path. 

Also,  since  only  the  relative  motion  is  in^Mrtant,  any 
two  of  the  three  components  (source,  object,  and 
imager)  could  have  bem  moved. 

There  are  two  data  collection  options  when 
considering  laminography.  The  first  option  of 
integrating  during  the  motion  was  discussed  above.  In 
this  method,  the  image  of  a  single  slice  through  the 
object  is  obtained. 

In  the  second  option,  one  takes  "snapshots*  of  the  X- 
ray  image  as  the  source  is  moving.  The 
reconstruction  of  any  slice  through  the  object  can 
then  be  obtained  by  properly  shifting  and  adding  the 
individual  snapshots.  This  shift  and  add  process  is 
easily  performed  on  digital  images  using  an  image 
processor. 

This  "multi-planar*  iqiproach  is  shown  in  Figure  3. 
In  this  figure  we  show  a  series  of  simulated  X-ray 
snapshots  of  an  object  with  three  planes.  The  planes 
are  assumed  to  have  an  0  on  top,  a  Pius  in  tlie  center 
and  an  X  on  the  bottom. 

The  snapshots  are  assumed  to  be  obtained  as  the 
source  and  imager  move  in  straight  lines,  with  the 
center  of  the  imager  moving  so  that  the  Plus  lentains 
at  the  center  of  the  image.  The  center  column  of 
images  is  shown  unshifted.  It  is  seen  that  the  X  and 
O  move  as  the  angle  is  changed.  The  other  colunms 
show  the  same  snapshots  after  they  have  been 
scrolled. 

The  results  of  adding  and  normalizing  the  snapshots 
are  shown  at  the  bottom  of  the  figure.  If  the  images 
are  simply  added  as  shown  in  the  center  column,  the 
image  of  the  Plus  adds  coherently,  producing  a  sharp 
image,  llie  other  two  layers  in  the  object  produce 
multiple,  lower  intensity  features  in  the  summed 
image. 

The  right-hand  column  shows  the  addition  after 
scrolling  all  of  the  images  so  the  X  adds  coherently. 
The  Plus  and  the  O  now  produce  blurred  images. 

The  left-hand  column  shows  the  shift  and  add 
procedure  so  that  the  O  is  added  coherently.  In  this 
case  the  Plus  and  X  are  blurred. 

For  the  linear  geometry  shown  in  this  case,  the  shift 
Implied  is  simply  a  linear  function  of  the  source 


position.  For  other  data  xiUection  geometries  (eg. 
circular  or  elliptical),  the  shift  necessary  to  produce 
the  reconstmc  icns  will  also  be  a  simple  function  of 
the  data  collection  gvometry. 

By  properly  shifting  and  adding  the  individual 
soi^>shots,  one  can  obtain  the  reconstruction  of  any 
plane  in  the  object. 

^.RESULl’S 

In  the  present  experiment,  we  examined  a  suitcase 
that  was  packed  with  a  number  of  dense  objects  that 
could  be  foimd  in  typical  suitcases.  The  objects 
included  coat  bangers,  shoes  with  shoe  trees,  an 
aerosol  can,  coins,  and  other  metallic  objects.  Also 
included  was  a  sawed-up  broom  handle  that  was 
intended  to  simulate  sticks  of  a  low  density  explosive, 
and  8  hand  calculator  and  battery  pack  intended  to 
simulate  a  timing  device.  Wires  connected  the 
simulated  timing  device  to  a  piece  of  solder  used  to 
simulate  a  detonator. 

(This  experiment  was  designed  to  demonstrate  the 
principle  of  laminography.  Neither  the  objects  in  the 
suitcase  nor  the  simulations  were  designed  to  be 
representative  of  actual  threats.) 

A  sketch  of  the  experimental  geometry  is  shown  in 
Figure  4.  The  suitcase  was  placed  on  a  large  area, 
real-time  X-ray  imager  and  exposed  by  a  220  KVCP 
X-ray  beam  at  about  30  degrees  to  the  normal.  The 
X-ray  imager  and  the  supported  suitcase  were  rotated 
under  computer  control  through  360  degrees  with 
images  being  obtained  every  4  degrees.  Httse 
transmission  radiographs  were  stored  digitally  and 
used  to  reconstruct  the  laminographic  slices,  (llus  is 
not  the  most  appropriate  geometry  for  laminography. 
Better  results  would  have  been  obUined  if  tte 
suitcase  bad  been  rotated  on  a  separate  table  ao  that 
the  plane  which  requires  no  shift  m  the  addition 
process  would  have  been  located  at  the  center  of  the 
suitcase  instead  of  being  below  it.  This  would  have 
allowed  a  much  better  use  of  the  imager’s  available 
fieid-of-view.) 

Figure  S  shows  a  transmission  radiograph  of  the 
suitcase.  The  high  density  objects  are  easily 
ideatiflsble.  We  can  see  the  coat  hangers,  the  aerosol 
can,  and  the  shoes  with  the  shoe  trees.  The  simulsted 
explosive  and  timing  device  are  visible  in  this 
radiogra{A,  but  difficult  to  interpret.  LamiiMgraphic 
reconstructions  were  obtained  by  shifting  and  adding 
these  individual  images.  For  the  geometry  used,  these 
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shifts  were 


X,i,i^l,=  VC03{e-6o) 

Wt=vsii2(e-eo) 

where  V  is  the  height  o<  the  reconstruction, 
6  is  the  angle  of  the  individual  measurement, 

and  dg  is  the  angle  at  which  the 
measurements  started. 

It  should  be  noted  that  there  is  only  one  parameter, 
^g,  that  must  be  determined  experimentally. 

Various  heights  were  reconstructed  by  varying  the 
parameter  V. 

Figures  5  to  9  show  laminographic  reconstructions 
through  several  sections  of  the  suitcase.  The  objects 
at  each  layer  are  easily  interpreted. 

Figure  6  shows  a  slice  approximately  3  inches  above 
the  bottom  of  the  bag.  The  shoe  trees  and  the  top  of 
the  aerosol  can  are  visible. 


Figure  7  shows  a  slice  about  2.3  inches  above  the 
bottom  of  the  bag.  The  heels  of  the  shoes,  coat 
hangers  and  the  bottom  of  the  aeroaot  can  an  vkible. 

Figure  8  show  a  slice  id  an  elevation  of  about  2 
inches.  The  bottom  of  the  heels  of  the  aboea  are 
visible  along  with  coat  hangers,  coins  and  a  cigarette 
lighter. 

Figure  9  shows  the  reconstruction  through  the 
siiiHiUted  explosive.  The  individual  wooden  Micks  are 
visible  as  an  the  wina,  batteries  aod  airoulated 
timing  device.  The  presence  of  die  other  ot^ects  is 
almoM  completely  eliminated  in  this  image. 

4.  CONCLUSIONS 

The  conclusiooa  of  this  demoostralion  an: 

•  Lamiuography  can  nducc  the  effects  of  clutter  in 
radiographic  ima^  and  aid  in  the  detection  of 
Ihresta. 

*  Laminognphy  preecnls  3-din]eaaioDal  information 
of  the  tn^iectiid  object 

The  data  collection  and  procesaing  shown  ben  could 


be  performed  in  from  0.2  to  0.3  seconds  per 
reconstructed  slice  using  a  modem  imager  processor^. 
(The  time  for  reconstruction  will  depend  on  the 
number  of  individual  images  collected  during  a  scan.) 


In  addition  to  the  conclusions  that  can  be  drawn  from 
this  demonstration,  we  would  also  like  to  point  out 
that  laminogrqdiic  techniques  might  be  very  useful 
for  correlation  with  other  3-dimen8ional  inspection 
techniques  that  are  more  qiecific  for  the  detectiem  of 
explosives. 

The  X-Ray  Enhanced,  Neutron  Inspection  System 
(XENIS)  produced  by  Science  Applications 
International  Corp.  several  years  ago  attempted  to 
correlate  low  resolution,  3-dimen8ional  thermal- 
neutroo-activation  (TNA)  data  that  detected  the 
presence  of  nitrogen  in  an  inspected  object  with  high 
resolution,  2-dinMn8ional  transmission  X-ray  images. 
The  correlation  of  high  nitrogen  concentration  with 
relatively  hi^  X-ray  attenuation  indicated  the 
presence  of  a  potential  explosive. 

This  correlation  was  hampered  since  the  X-ray 
inspection  system  produced  transmission  radiographs. 
The  images  of  mc^ic  objects  superimposed  on  low 
density  olyects  with  high  nitrogen  concentrations 
could  c»»e  large  conelatioos  with  the  TNA  data, 
yielding  Mae  alarma,  even  though  the  metallic 
otyects  and  the  high  nitrogen  concentratioa  objects 
were  physically  sefwrated.  The  use  of  a 
laminoftaphio  X-ray  inspection  technique  could 
increase  uaofulness  of  the  conelatioo  technique. 
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Figure  1.  Geometrical  Basis  of  Laminogtaphy.  The  length  P  of  the  projection  of  a  line  of 
length  L  is  independent  of  the  lateral  position  of  the  source. 
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Figure  2.  Three-Dimensional  Sketches  of 
Laminographic  Geometry.  The  X-ray 
source  is  constrained  to  move  in  a  plane. 
The  three  sketches  show  the  source  at 
three  different  positions  and  the  resulting 
projections. 
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Figure  3.  Illustration  of  the  Process  of  Shifting  and  Adding  Individual  X-ray  Images  taken 
at  Different  Source  Positions.  The  three  columns  show  the  same  set  of  7  simulated  X-ray 
images  with  the  horizontal  positions  of  the  images  in  each  colunm  being  displaced  before 
addition.  The  bottom  row  of  images  are  the  normalized  sums  of  the  images  above  them, 
showing  the  reconstruction  of  different  layers  in  the  object. 
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Figure  4.  Sketch  of  the  Experimental  Geometry.  The  suitcase  was  placed  on  a  rotating  X* 
ray  imager  and  illuminated  by  an  X-ray  source  at  about  30  degree  orientation  to  the  axis 
of  rotation.  Images  were  taken  at  4  degree  increments  during  a  complete  revolution  of  the 
imager  and  suitcase. 


Figure  5.  Transmission  Radiograph  of  the  Suitcase.  The  dense  objects  such  as  coat 
hangers,  shoes  with  shoe  trees,  belt  buckles,  etc.  are  readily  visible.  The  simulated 
explosive  is  visible,  but  difficult  to  interpret  as  a  potential  threat. 


Figure  6.  Laminographic  Reconstruction  of  a  Layer  in  the  Suitcase  3  Inches  above  the 
Bottom.  The  shoe  trees  and  the  top  of  the  aerosol  can  are  visible. 
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Figure  7.  Laminographic  Reconstruction  of  a  Layer  about  2.3  Inches  above  the  Bottom. 
The  heels  of  the  shoes,  coat  hangers,  and  aerosol  can  are  visible. 
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Figure  8.  Laminographic  Reconstruction  of  a  Layer  about  2  Inches  i^ve  the  Bottom  of 
the  Suitcase.  The  coat  hangers,  coins  and  a  cigarette  lighter  are  visible. 


Figure  9.  Laminographic  Reconstruction  of  a  Layer  0.3  Inches  above  the  Bottom  of  the 
Suitcase.  The  simulated  explosive,  a  battery  pack,  a  pocket  calculator,  and  wires  are 
clearly  visible.  There  is  very  little  evidence  of  the  overlapping  structure  that  is  apparent 
in  die  transmission  radiograph. 
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THE  EVOLUTION  OF  COMPUTED  TOMOGRAPHY  (CT) 
AS  AN  EXPLOSIVES  DETECTION  MODALITY 


Fredrick  L.  Roder,  Ph.D. 
Imatroa  Federal  Systems,  Inc. 


1.  INTRODUCTION 

There  was  a  revolution  in  diagnostic  radiology  in 
1972  •  Godfrey  Hounsfleld  announced  the 

development  of  the  world’s  first  computed 
tomographic  (CT)  scanner.  For  the  first  time, 
radiologists  did  not  have  to  decipher  the  vague  x-ray 
shadows  which  ^lled  the  difference  between  normal 
anatomy  and  ominous  tunmrs.  The  scanner  allowed 
organs  to  be  seen  directly  and  individually,  just  as 
they  would  have  appeared  to  a  surgeon,  had  a  biopay 
been  necessary.  Today,  to  physicians  throughout  the 
world,  diagnosis  without  the  added  dimensions 
provided  by  CT  scanning  would  be  unthinkable. 

The  parallel  between  detecting  a  tumor  in  the  body 
and  an  explosive  device  in  a  packed  niitcase  extends 
beyond  the  dire  consequences  of  a  misdiagnosis. 
Suitcases  contain  a  varied  array  of  innocuous 
materials  •  organic  and  inorganic;  high  density  and 
low  •  which,  when  superimposed  in  conventional  x« 
ray  imag«i,  produce  complex  and  cluttered  shadow 
images  not  too  dissimilar  from  the  complex  images 
produced  by  the  interplay  of  interaal  organs  and 
bones,  lust  like  a  tumor,  an  explosive  device  can 
easily  be  misaed.  Even  in  its  infaocy,  when  eight 
(dnutea  were  required  to  perform  a  CT  acan,  the 
•ppiicahility  of  this  technology  to  the  expiostve 
thtolioo  problem  was  obvkwa. 

The  First  CT  explosives  detection  experiments  were 
performed  on  the  first  CT  acanwy  built  in  the  United 
States  •  the  ACTA  I  scanner  al  Geotfetowa 
University.  The  results  of  that  study  were  presented 
at  Uie  March  1978  joint  meeting  of  the  Biophyticai 
and  American  Phytical  Societies'  and  more  hilly  in 
■  technical  report  published  by  The  Aerospace 
Corponlioo.*  Oeapite  the  promisii^  results  of  UiL 
and  subsequent  studies  of  CT  explosives  detection, 
however,  this  technique  remained  in  the  province  of 
rmearch  because  the  small  aperture  and  relatively 
tong  image  acquisition  and  reconttruction  limes  of 
existing  medical  scanners  made  them  ill-suited  to  the 
explosives  detectioo  application.  For  CT  explosives 


detection  to  be  practical,  a  scanner  would  have  to: 

1.  Have  a  physical  and  image  aperture  of  suf- 
heieot  size  to  accommodate  large  luggage. 

2.  Rapidly  acquire  image  data. 

3.  Rapidly  reconstiuct  these  data  into  cross- 
sectional  images. 

4.  Produce  images  with  sufficient  resolution  to 
allow  the  automated  detection  of  sheet 
explosive. 

5.  Perform  these  hmetions  continuously,  over 
extended  tjrn^  pf»rif>dff 

In  this  psper,  we  will  trace  the  profiess  made  toward 
each  of  these  goals,  culmiaatiag  in  the  current 
development  of  the  CTX  Explomves  Delectioo 
System.  We  will  also  briefly  disi^  the  leOs  to  dale 
which  have  demonstrated  the  efficacy  of  Ihia 
technique,  and  extrapolate  to  the  in  which  a 
CTX  aystem  will  be  uaed  in  an  airport 


2.  THE  £V(H,imON  OF  CT  EXfLOSiVES  D& 
TECnON 

2.1  ScuSpm4 

The  ftrti  CT  acanner.  dw  1^1  Mark  1,  naed  a  tin^ 
detector  in  a  fraoalateyotats  gaosBCtry  and  requuad 
four  minutes  to  acquire  tba  data  for  oew  iamfs. 
increasing  the  numhar  of  dstsetora  to  approxiaaaaaly 
20(a  'recood-feoeration*  geomatry)  radii^  fhaacan 
qpeed  to  about  20  aeoonds.  *Third-*  aad  ‘fourth- 
geoaralioa*  geometriea,  whidi  utiliasd  hundtads  or 
even  Aouianda  of  detactora  in  a  rntate-ody  moda, 
allowed  acan  timea  to  be  reduced  to  dbout  one 
aecood.  Furfoer  roduetkea  proved  mfoatiMe  for  aay 
ayttmu  which  required  physical  motion.  The  next 
advance  waa  achieved  Imatroa,  which,  to  19M, 
shipped  Us  fint  Ulirafasi  CT  acanner  (Figure  I). 
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This  scanner,  developed  to  provide  three-dimensional 
motion  pictures  of  the  beating  heart,  used  electron 
beam  technology  to  acquire  up  to  34  images/second. 
The  decrease  in  scan  time  from  1972  to  the  present 
is  shown  in  Figure  2. 

Scan  speed  in  a  medical  CT  scanner  is  of  paramount 
inqjortance  to  image  quality:  motion  during  a  scan 
degraded  the  resulting  image,  and  the  human  body  is 
in  constant  motion.  However,  a  subsecond  scan 
^>6ed  does  not  necessarily  mean  a  large  number  of 
scans/hour.  The  x-ray  tubes  in  conventional  medical 
scanners  overheat  if  too  many  scans  are  taken  in 
succession,  and  even  the  Imatron  Ultrafast  scaimer 
(which  is  not  subject  to  overheating)  is  subject  to  data 
handling  and  image  reconstruction  limitations.  As  a 
result,  less  than  100  scans/hour  are  obtained  by 
conventional  hospital-based  CT  scanners.  Increasing 
scanner  throughput  (scans/hour)  required  a  fresh  look 
at  the  problem. 

2.2  Throughput 

The  throughput  problem  was  addressed  by  Imatrmi  in 
1987,  under  the  auspices  of  (he  U.S.  Army  Medical 
R&O  Command.  The  Army  needed  a  CT  scanner 
for  use  in  military  held  hospitals  for  mass  casually 
care,  where  time  is  of  the  essence,  and  surgeons 
cannot  wait  for  a  CT  scan  to  be  scheduled,  executed, 
and  interpieted.  In  re^qwnse  Imatron  produced  the 
PMS  5000,  the  firtt  CT  s(»n£>er  designed  for 
oooUnuoui  operation  and  pipelined  reconstruction. 
See  Figures.  In  addition  to  its  continuous  duty  cycle 
and  higb-iqwed  reconstiucUon,  the  small  size,  light 
weight,  and  low  power  lequirements  of  this  scanner 
repnaeated  maior  design  breakthroughs.  The 
d^pied  prmciples  (feveloped  and  itnplemented  in  the 
FMS  5000  have  been  employed  and  extended  in  the 
erx  5000  Explosives  Doection  System.  Figure  4 
illu^rates  the  increase  in  throughput  (scans/bour)  of 
CT  systems  from  1972  to  the  CTX  5000. 

2J  Image  Seconstructioa  Time 

With  the  development  of  the  electron  beam  Ultrafast 
CT,  acanniAg  qwed  ceased  to  be  an  issue.  Only 
image  recomtiuctioo  speed  limited  CT  explosives 
detection  perfonnsoce,  s-'v]  this  w«s  ■  limitation 
entirely  within  the  domain  of  (he  rapidly  advancing 
computer  ioduttry.  The  FMS  5000  demonstrated  that 
a  high-reaolutioo  (Si2  X  512)  cross  sectional  image 
with  extremely  high  density  resolution  (4,000  grey 


levels)  could  be  reconstructed  in  13  seconds.  Thanks 
to  continuing  advances  in  computer  tec-hnology,  the 
CTX  Explosives  Detection  System  (Figure  5)  will 
have  an  image  reconstruction  time  of  less  than  3 
seconds,  and  shorter  reconstruction  trines  can  be 
expected  in  future  generations.  The  decrease  in 
image  reconstruction  time  since  1972  is  illustrated  in 
Figure  6. 

2.4  Aperture  and  Image  Matrix  Size 

The  first  CT  seaxmer,  the  EMI  Mark  I,  had  an  image 
diameter  of  25  cm  and  a  reconstruction  matrix  cf  160 
X  160  pixels.  The  CTX  Explosives  Detection 
System  has  an  image  diameter  of  80  cm  (more  than 
enough  to  accommodate  a  16  X  26  X  32  in.  suitcase) 
and  a  reconstruction  matrix  of  S12  X  512  pixels. 
The  increase  in  CT  image  diameter  and 
reconstruction  matrix  size  since  1972  is  shown  in 
Figures  7  and  8,  reflectively. 


3.  EFTICACY  OF  CT  EXPLOSIVES  DETEC¬ 
TION 

Initial  studies  of  CT  explosives  detection  involved  a 
few  explosive  sample,  a  few  simulants,  and  as  wide 
a  variety  of  innocuous  maieritls  as  could  be 
conceived  of  by  the  researchers  involved.  In  addition 
to  the  Georgetown  University  ami  Aerospace  studies, 
experiments  were  conducted  by  Vartan  Associates^ 
and  by  UCLA.*  From  these  studies,  it  became 
apparent  that  explosives  could  be  characterized  as 
dense  organic  materials,  and,  as  such,  could  be 
differentiated  from  (he  vast  majority  of  objects  uhicb 
could  be  expected  to  be  commonly  encountered  in 
auilcasea.  Ifowev'er,  without  ■  aub^tantial  data  base 
for  oxplosives  and  for  the  population  of  objects 
actuiJIv  encountered  in  suitcases,  (he  efficacy  of  CT 
for  oxplosivoi  detection  remaioed,  at  best,  problem¬ 
atical.  Certainly,  outeritls  existed  which  mimicked 
(he  CT  characteristics  of  explostvea.  The  real 
question,  however,  was  the  frequency  with  which 
these  ffiiUeriids  would  be  encountered  in  checked 
luggage  in  the  real  wodd.  The  first  scriowr  attempt 
to  address  this  question  was  a  study  perfartned  by 
Imatron  during  (he  summer  of  1987.  This  study  sm 
huded  by  the  FAA  and  peitonned  under  a 
subcontract  from  UCLA.’ 

The  explosives  chiractehxalion  study  was  performed 
at  the  ^teau  of  Mines  (BoM)  in  Pittdmrgh.  In  this 
study,  ninety  three  distinct  explosive  products  were 
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esamined  using  a  medical  CT  scanner,  as  well  as  a 
set  of  sheet  explosive  samples  differing  only  in 
thickness.  These  explosives  constituted  all  die 
cap-sensitive  products  resident  in  the  BoM  magaxines 
at  that  time.  Included  were  31  water  gels,  IS 
emulsions,  28  dynamites,  and  18  products  which 
contained  military  explosives.  While  it  is  believed 
that  this  represents  the  most  extensive  explosives 
characterization  study  ever  performed  for  purposes  of 
explosive  detection  re.searcfa,  this  number  of 
explosives  pixiducts  is  still  negligible  compared  to  the 
total  number  of  products  produced  in  the  United 
States  and  throughout  the  world. 

The  suitcase  characterization  study  was  performed 
using  the  same  medical  scanner  at  Los  Angeles 
International  Airport  (LAX).  Data  from  a  total  of 
700  suitcases  were  compiled,  measuring  the  CT 
values  for  the  six  most  explosive-like  materials  in 
each  suitcase. 

The  BoM-LAX  study  (and  all  previous  CT  explosives 
detection  studies)  included  the  acquisition  and 
analysis  of  dual-energy  as  welt  as  single-energy  data. 
Dual-energy  x-ray  techniques  were  originally 
developed  as  an  adjunct  to  computed  tQmogT.,{^y. 
Initial  studies  included  the  explosives  detection  cited 
above,  as  well  as  medical  research  conducted  by 
Rutherford  e(  al.‘  in  the  United  Kingdom  and  by 
Brooks  and  DiChiro^  in  the  Unif  u  States  at  the 
National  Institutes  of  Health.  However,  it  was  the 
technique  developed  by  Alvarez  and  Macovsk?  at 
Stanford  University  which  established  dual-energy  CT 
as  a  valid  quantitative  measure  of  the  average  atomic 
number  and  electron  density  of  each  region  within  a 
C70SS  sectional  image.  A  variant  of  this  technique 
will  be  employed  on  an  *as-needed'  basis  by  the 
CTX  Explosives  Detection  System. 

The  results  of  the  BoM-LAX  study  were  promising, 
both  in  terms  of  the  autoouted  detection  of  explosives 
in  general  and  plastic  and  ^eet  explosives  in 
particular,  and  in  terms  of  the  information  which  CT 
images  were  demonstrated  to  provide  to  an  operator, 
permitting  the  fast  and  unambiguous  resolution  of 
potential  alarms.  On  the  basis  of  these  results, 
Imatron  initiated  the  in-house  development  of  a  CT 
explosives  detection  system,  the  progenitor  of  the 
CTX. 

4.  OPERATIONAL  DEPLOYMENT  OF  THE 
CTX  EXPLOSIVES  DETECTION  SYSTEM 

The  CTX  will  operate  continuously  and 


automatically,  simultarreausly  acquiring  image  ebUa, 
reconstructiog  images  from  these  data,  and  analyzing 
the  resulting  inuiges  to  automatically  detect  and 
identify  tiu'sats.  Each  image  cycle  will  require  less 
than  3  secoods.  Images  idontiEed  by  the  CTX  as 
containing  possible  threats  will  be  provided  to  a 
A-ystera  operator.  The  possible  driest  object  will  be 
identified  to  the  operator  both  in  the  im^ige  and  by 
other  measur'd  characteristics.  If  the  operator  cannot 
identify  and  exclude  the  possible  threat  object  as 
innocuous,  the  system  continues  its  analysis, 
obtaining  a  full  tbree-dimensiooal  data  set  for  the 
now-suspect  object.  The  three-dimensional  data  may 
be  analyzed  by  the  saiae  qrerBtor,  or  tiansfoned  to 
a  better-trained  ’expert”  operator.  If  the  suqrect 
object  cannot  be  identified  as  innocuous  by  the  ejqrert 
operator,  given  all  the  informatirMi  provided  by  tbs 
CTX  system,  we  believe  that  it  is  time  to  call  the 
bomb  squsd. 

The  CTX  Explosives  Detecdoa  System  may  be 
smpioyed  as  either  a  stand-alone  ^stem,  onbodying 
pritmuy,  secondary,  and  tertiary  detection  and 
decision  iunctioas;  or  in  conjunction  widi  an  indusive 
primary  screening  device,  in  udiich  case  it  will  serve 
secondary  and  tertiaiy  detection  and  decisioo 
functions. 

In  a  stand-alone  configuration,  the  scan  planes  are 
selected  automaticaUy,  on  the  basis  of  x-iay 
pn^ection  data  obtained  by  the  CTX.  Tbenundrwof 
scan  planes  selected  will  be  determined  by  the 
defined  threat  and  by  the  nature  of  fiie  suitcase 
population.  A  minunum  nuiuber  of  scans  will  be 
required  in  any  case  to  idoitify  sheet  explosive, 
Mriuch  is  essentially  invisible  in  piojccdoo  d^ 

Alternatively,  the  CTX  may  be  used  in  cmyunctioo 
wifi)  another  explosives  detectioo  device,  even  if  that 
device  iderrifies  a  large  fractioo  of  suitcases  as 
containing  threats,  provided  fiut  that  device  is 
inclusive  (i.e.,  that  it  does  not  miss  any  explosives). 
Primary  screening  devices  that  gentry  localize 
possible  threat  objects  aid  in  the  scan  plane  sekefion 
process,  sod  will  increase  overall  system  throu^tpuL 

5.  CONCLUSIONS 

Since  its  develqunsnt  in  1972,  computed  tomognphy 
has  evolved  rapidly  in  terms  of  scan 
throughput,  reconstruction  time,  aperture,  and  image 
matrix  size.  Aa  a  result,  it  is  now  possible  to 
consider  fire  deployment  of  a  CT  explosives  detection 
system  as  practical  and  opentiooaUy  viable.  Tb^ 
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dfficasy  of  CT  as  an  explosives  detectim  modality 
has  long  bees  pn^Msed,  and  lidd  data  obtained  to 
date  asppott  diis  proposition.  The  curreat 

development  of  a  field  prototype  CT  Explosives 
D^ection  System  under  the  au^ces  of  the  FAA 
Tcdmical  Center  will  provide  the  tool  to  Miy 
explore  the  capabilities  of  this  modality  in  real-world 
‘^viroiunentr.  both  as  a  stand-alone  system  and  ir. 
conjunction  with  other  explosive  detection  devices. 

REFERENCES 

1.  F.L.  Roder,  H.K.  Huang,  and  M.  Cerroni, 
"Determination  of  the  Atomic  Number  and  Electron 
Density  of  Biomaterials  by  Dual-Energy 
Tomograjdjy,’'  Abstracts  of  the  Joint  Meeting  of  tihe 
Biophysical  Society  and  the  22nd  Annual  Meeting  of 
the  Americsn  Physical  Society  (American  Institute  of 
Physics,  New  York,  1978). 

2.  F.L.  Roder,  "Preliminary  Feasibility  InvestigatirHi 
-Explosives  Detedtion  by  Dual-Energy  Computerized 
Tomography*  (The  Aerospace  Corporation,  El 
Segundo,  California,  1978),  ATR-78(3860-06)-lND. 

3.  R.E.  Alvarez,  J.T.  Arnold,  and  J.P.  Stonestroin, 
"The  Characterizaiioa  of  the  Ability  of  a 
Convendonal  Dual  Energy  Medical  CT  X-Ray 
Scanner  to  Distinguish  Explosive,"  Varian 
Associates,  Inc.  Final  Report  on  FAA  Contract  No. 
DOT-FA78-W-4247  (1979). 

4.  H.K.  Huang,  "New  Detection  Concepts,"  Phase  I 
Final  R^rt  on  FAA  Contract  No.  DTFA03-85-C- 
00037  (1986). 

5.  "Dual-Energy  Conqwted  Tomographic  Explosive 
and  Suitcase  Characterization  Study,  "Imatron  Fitud 
R«pOTt  to  the  Department  of  Radiological  Sciences, 
University  of  California,  Los  Angeles  under  FAA 
Contract  No.  DTFA03-85-C-00037. 

6.  R.A.  Rutherford,  B.R.  Pultan,  and  i.  Isherwood, 
Neurotadiology  U,  15  (1976);  11,  23,  (1976). 

7.  R.A.  Brooks  and  G.  DiChiro,  Radiology  126, 255 
(1978). 

8.  R.E.  Alvarez  and  A.  Macovski,  Phvs,  Med,  Biol, 
21,  733  (1976). 


300 


-50 


1970  1972  1974  1976  1978  1960  1962  1964  1986 


FIGURE  2.  Decrease  in  scan  time  per  image  (1972  -  present). 
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PI6DKE  3.  The  high-throughput  laatron  FMS-5000  CT  Scanner 
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FIGURE  4.  Increase  in  CT  scanner  throughput  (1972  -  present). 
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FIGURE  5.  The  CTX  Explosives  Detection 
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FIGURE  7.  Increase  in  CT  laage  diameter  (1972  -  present) 
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Increase  in  reconstruction  matrix  size  (1972  -  present). 
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COMBINATIONS  OF  X-RAY, 
NUCLEAR,  AND  OTHER 
TECHNIQUES 
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1.  INTRODUCTION 

For  the  last  fifteen  years,  EO&G  Astrc^ysics  has 
been  actively  involved  in  research,  development,  and 
implementation  of  various  weapon  and  explosive 
detection  systems  which  can  be  used  in  airports, 
government  fittilities  and  other  imtitutioiu  for  overall 
security.  Since  the  Pam-Am  103  accident  in  1989, 
there  has  been  heightened  concern  from  the  public, 
congress,  and  the  FAA  regarding  aviation  security. 
One  of  the  biggest  concerns  has  been  the  potential 
threat  from  plastic  explosives. 

The  detection  of  an  explosive  is  often  accomplished 
by  scanning  a  bag  with  various  forms  of  radiation, 
such  as  x-rays,  gsmma-rays,  and  neutrons,  to  map 
the  physical  and  chemical  propctties  of  the  materials 
in  it.  While  each  technology  has  its  strengths  and 
limitations,  none  is  an  ideal  solution  to  tne  threat 
detection  problem.  Since  different  technologies  can 
conplement  each  other,  it  is  desirable  to  consider  the 
best  way  to  design  a  system  that  can  exploit  aevet^ 
methods  at  once. 

EO&O  Astrophysics  has  developed  an  explosive 
detection  system  that  uses  a  dual  view  dual  energy 
(DVDE)  x-ray  system.  In  conjunction  with  (he  FAA, 
BO&O  is  continuing  its  own  development  of  DVDE 
in  comhinatioQ  with  thermal  neutron  analysis  (TNA) 
to  identify  both  metallio  weipons  ^  plastic 
explosives  in  baggage.  This  approach  allowa  the 
analysis  to  fully  utilize  data  sets  from  DVDE  and 
TNA  to  their  best  potential,  and  to  ol^ectively  define 
tradeoffs  aiiKiog  the  costa  and  performaocea  of  the 
differing  sensors. 

2.  DVDE 

The  interaction  of  x-raya  with  material  can  be 
described  aa  a  cotnbtnafioo  of  photoelectric,  CoGOpton 


and  pair  ptoducriooproceaaea.  For  medium  energy  x- 
mys  (By  <  140  keV),  the  intecactioa  of  xnay  with 
material  is  dominated  by  photoelectric  and  Compton 
scattering.  While  the  croes  section  of  Con^too 
«r.art#>ring  with  an  atom  is  roughly  |»Qpwtiooal  to 
atomic  number  Z,  the  ctoaa  section  of  photoelectric 
effect  has  strong  Z  depcndesrce  Z^'.  In  a  dual 
energy  x-ray  system,  the  drastically  different  Z 
dependence  of  the  Compton  scattering  and  the 
photoelectric  effect  is  ua^  to  extract  the  atomic 
number,  and  density  of  the  contents  of  a  bag. 

In  a  DVDE  system,  the  x-ray  module  cocaiits  of  two 
separate,  well  calibrated  EG&G  dual  energy  x-ray 
imaging  devices.  One  system  provides  a  normal 
lateral  projection  and  the  other  provides  an  oUique 
projection  from  the  bottom.  The  data  from 
views  are  analysed  to  extract  the  line  of  right  organic 
density  infonaatioa.  These  two  organic  imsfea  are 
then  u^  to  recQiutiuct  a  thiw  dinmuiooal  model  of 
the  scanned  direct  uring  Algebraic  Reoooitnactioa 
Techniquea  (ART)*  with  specially  devetopad 
mathematical  representatkcui  of  phytictd  «matiaintt. 
The  three  dtaacorional  model  ia  examjned  for 
contiguous  volumes  that  have  a  physical  deority 
within  preset  limita.  The  identified  regioiu  are  tbm 
examined  to  determine  if  any  exceed  a  prevtoualy 
defined  inaas  level. 

It  is  well  known  that  two  views  are  inadnipiate  to 
recofutnict  a  tomographic  image.  In  general  one 
needs  (he  product  of  (he  views  and  the  number  of 
rays  per  view  to  be  equal  to  the  number  of  pixels  in 
(he  ciott  sectional  image.  In  the  case  of  DVDE  this 
means  we  have  oidy  2N  values  to  deternrioe  N*  pixel 
denritiee.  In  order  to  obtain  a  raaaonably  accurals 
recoomuction,  additional  phyrical  constraints  are 
invoked  which  restrict  the  potratial  aotutionB  to  thia 
uoderdetennined  ptobkm.  These  constraints  nege 
horn  the  very  obvious  (nonfihyrical  deaatty  ia  not 
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allowed)  to  more  obscure  observationally  based 
constraints  (limits  on  the  frequency  content  of  object 
reconstructions). 

Experimental  results  have  shown  that  although  any 
single  slice  has  serious  ray  artifacts,  objects  with  a 
density  typical  of  the  explosives  of  interest  can  be 
identified,  followed  in  contiguous  slices,  and  have 
their  mass  determined  with  a  reasonable  degree  of 
accuracy. 

3.  TNA 

For  two  dozen  different  types  of  plastic  explosives 
which  are  available,  most  of  them  have  high 
concentrations  of  nitrogen  and  oxygen\  One  concept 
to  detect  the  '^N  content  in  an  explosive  is  through 
thermal  neutron  capture  which  results  in  high-energy 
7-rays  (10.8  MeV)  which  can  be  observed  by  various 
types  of  7-ray  detectors.  Indeed,  SAIC^,  building  on 
earlier  Westinghouse  e^orts,  made  use  of  this  fact  to 
develop  the  first  prototype  thermal  neutron  analysis 
(TNA)  system  for  airport  security  . 

In  Astrophysics*  TNA  system,  bags  move  through  a 
sea  of  thermal  neutrons  produced  by  a  source 
and  neutron  moderator.  The  10.8  MeV  7-rays  from 
'^Nfn.y)  ’’N  reaction  are  analyzed  to  give  the  spatial 
distribution  of  nitrogen,  and  in  turn,  plastic 
explosives.  The  cross  section  of  thermal  neutron 
capture  on  '^N  is  7S  mb,  whore  the  branching  to 
ground  state  of  “N  is  13.896*.  In  order  to  provide  a 
reasonable  yield  of  y-rays  from  thermal  neutron 
capture  on  '*N,  an  intense  neutron  source  is  required. 
This  raises  a  series  of  problems:  neutron  moderation, 
neutron  shielding,  pile-up  in  detectors,  clastic  and 
inelastic  neutron  scattering  etc.  A  great  effort  is 
needed  to  optimize  the  perfonuanco  of  TNA  while 
cutting  the  overall  volume,  weight,  and  cost. 

Although  implementation  of  a  TNA  at  airports  is  not 
a  trivial  task,  TNA  does  provide  very  unique 
information,  i.e.  '*N  content  of  an  explosive.  By 
jointly  interpreting  the  information  from  the  DVDE 
and  TTIA  subsystems,  one  is  able  to  make  a  better 
determination  of  the  pro{>eitics  of  objects  which 
appear  in  the  baggage  than  can  bo  made  from  the 
separate  data  sets. 

4.  PRESENT  STATUS 

The  x-ray  and  neutron  modules  have  been  tested 
independently  for  sensitivity  to  various  types  of 
explosives,  masses,  configuration  and  location  within 


normal  check-in  baggage.  Algorithms  for  processing 
the  DVDE  and  TNA  data  sets  separately  and  in 
combination  have  been  tested  and  verified.  The 
system  is  automatic  and  is  designed  to  process  720 
bags  per  hour.  The  output  will  be  the  standard  x-ray 
screening  images  for  a  cleared  bag.  For  a  bag  with 
an  identified  threat  there  will  be  an  alarm,  and  the 
images  will  have  a  graphic  overlay  indicating  the 
location  of  the  threat  within  the  bag  and  the  size  of 
the  threat.  We  have  also  started  a  viability  study  of  a 
multi-view  (number  of  view  >  2)  dual  energy 
system. 
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1.  INTRODUCTION 

Explosive  Detection  Systems  (EDS)  are  to  be  used  in 
aiiports  to  detect  expiosives  concealed  in  baggage. 
They  have  an  impoitant  role  in  the  security  system 
protecting  human  life  and  property  from  being 
destroyed  by  acts  of  terrorism.  The  basic  criterion  of 
an  effective  EDS  is  to  be  able  to  distinguish 
explosives  from  any  other  materials  and  automatically 
identify  explosives  hidden  in  baggage  without  human 
intervention.  The  most  significant  signature  of 
explosives  compared  to  benign  materials  is  the  high 
content  of  nitrogen  in  explosives.  Among  the 
existing  explosive  detection  techniques,  the  one  which 
can  achieve  the  highest  total  seruitivity  to  nitrogen  is 
the  Thermal  Neutron  Activation  (TNA)  technology. 
The  TNA'EDS,  designed  and  developed  by  Science 
Application  International  Corpontion  (SAIC),  is  able 
to  detect  explosives  with  high  probability  of  (faction 
(PD)  axul  an  operationally  acccptible  probability  of 
(tint  alarm  (PPA). 

Falae  alarms  impede  the  baggage  circulation 
processes  because  of  the  need  to  further  screen  them. 
In  order  to  decrease  the  PPA,  a  secondary  inspection 
system  his  been  added  to  the  TNA*EDS.  X-Ray 
radiography,  which  measures  ibe  densities  of  objects 
in  suitcases  with  high  ^ratul  resotutioo,  hu  proven 
to  be  a  good  secondary  inspection  unit  to  Ibe  TNA- 
EDS  in  reducing  the  PFA.  The  fusion  of  the  most 
prominent  pieces  of  mfbnaalion  from  both  (be  1T4A 
and  the  X-Ray  reinforces  (he  EDS  ability  to  identify 
the  presence  of  explosives  in  suitcaaea  more 
accurately.  This  combined  system,  the  X-Ray 
Erdianced  Neutron  InterrogsUoo  System  (XENIS). 
was  designed  and  developed  by  SAIC  using  the 
Astrophysics  X-Ray  Transmission  IJneirxw  System, 
and  is  currently  used  by  the  U.S.  Federal  Aviation 
Administration  (FAA)  in  several  aiipotts  in  the  U.S. 
and  Europe. 


This  paper  deacribee  the  basic  principlea  of  the 
XENIS,  and  die  corqilex  data  analysis  and  automated 
decision  algorithms  developed  by  SAIC  for  the 
realization  of  this  technology.  It  also  discusses  die 
issues  involved  in  the  pradkal  spfdicatioo  of  the 
XENIS  in  airports.  Two  new  X-Rsy  techniques  were 
investigsted  for  the  future  upgrade  of  the  XENIS. 
They  are  the  X-Rsy  Transminicn  Computed 
Tomographic  (CT)  Scanning  technique  built  by 
Imatron,  Inc.  and  the  X-Ray  Tnnnaission  and 
Backacatter  Tomographic  (ZT)  Scanning  technique 
built  by  American  Science  and  Engineamg  (AS&E). 
Both  techniquea  wen  inveadgsted  by  SAIC  and  teMed 
by  the  FAA,  and  are  deacrihed  in  diia  paper. 

2.  XENIS  nUNClFLES 

The  underlying  ptiuciple  of  the  XENIS  is  the 
mathematical  fuskm  of  the  characteriatic  pbyakal 
paiamecers  of  exptosivea  detected  by  die  TNA-BDS 
and  the  X-Rsy  aystem.  As  mentioned  earlier,  the 
first  and  the  foreroost  signature  of  bulk  explosivca  is 
the  hi|^  content  of  nitiofea.  As  of  today,  TNA  is 
the  technique  wtdeh  gtvea  the  highest  seoridvity  to 
toirogen,  makinf  TN  A  the  bed  exiatinf  technolo^  in 
titiitc  eiploaives 

Ihe  neutron  inierrogatioo  technique  of  the  TNA<^DS 
is  based  on  the  oeUtroQ-ftnunB  modaUty,  the 
esaeniial  conipoiircts  of  the  TNA-BDS  are  die 
neutron  rource  aud  the  gamtaa  ray  detet^ora.  When 
thermal  neuironi  emittod  by  the  oeuiroo  aouroe  hit 
the  iDiterUla  in  the  suitcais  beiag  scanned,  a  few 
specific  nuclear  raactiona  are  induced  reroltinf  in 
gamma  ray  etniaaiaa.  llw  energy  distiihutioa  of  the 
detected  ^mma  ray  signifies  foe  preaence  (or 
■haence)  of  nitfogen  in  foe  suitcase,  lite  number  of 
delected  gamma  rays  at  the  nitrogen  energy  level 
inoVates  the  amount  of  nitragea  being  detected. 

Owing  to  the  hij^  nitrogen  oouat  rate  of  foe  deiecton 
in  foe  TNA-fiDS,  a  diiera  output  foom 
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the  neutroo  iatmogttioo  the  voount  of  nitrogen 
present  in  the  suitcase,  TUs  is  cos  physical 
parameter  that  the  TNA-EDS  uses  to  detect 
explosi\'es.  Another  key  output  from  the  neution 
interrogation  is  the  recoostnicted  nitrogen  image. 
The  orientation  of  the  nemron  source  and  the 
detectors  of  the  TNA-EDS  are  designed  in  such  a 
way  that  a  '’-D  nitrogen  image  can  be  reconstructed 
by  using  the  nitrogen  signals  detected  in  the  array  of 
detectors.  This  TNA  nitrogen  image  is  a  good 
indication  of  the  threat  level  within  the  suitcase. 
However,  due  to  the  Umitatioa  on  the  practical  sizes 
of  the  gamma  detectors,  the  spatial  resolution  of  the 
image  is  utarsc  even  though  the  TNA  image  is  very 
nitrogen  specific. 

The  best  way  to  improve  the  qiatial  resoluticm  of  the 
nitrogen  image  is  to  correlate  it  with  a  high-resolution 
density  image.  X-Ray  radiography  is  ctmently  the 
most  efficient  technique  for  obtaining  a  high 
resolutica,  2-D  density  image  of  an  object.  Although 
the  X-Ray  does  not  deliver  any  infonnation  about  the 
elemental  conqsosition  of  the  materials  in  suitcases, 
the  spatial  resolution  in  two  dimension  that  it  can 
deliver  is  far  beyond  what  neutron  based  systems  can 
provide.  The  idea  of  the  XENIS  is  to  make  use  of 
the  most  prominent  attributes  of  the  TNA  and  the  X- 
Kay  modalities.  The  TNA  image  is  very  specific  to 
nitrogen  but  has  coarse  ^latiel  resolution.  The  X- 
Ray  image  has  no  specificity  of  nitrogen  but  has  high 
^[wtial  resolution.  By  mathematirally  correlatuig  the 
two  images,  a  much  more  accurate  and  precise  image 
of  nitrogen  bearing  materials  is  obtained.  The  fusion 
of  these  two  pieces  of  orthogonal  information  is  the 
scientihe  basis  for  the  effectiveness  of  the  X£Ni3  as 
an  EDS. 

The  basic  concept  of  the  XENIS,  which  is  the 
merging  of  the  strengths  of  the  TNA-EDS  and  the  X- 
Ray  system  into  a  single  system,  is  called  the  multi¬ 
mode  approach.  The  advantage  of  this  approach  is 
its  great  flexibility  and  versatility.  The  XENIS  can 
be  upgraded  (by  r^lacing  the  current  X-Ray  by  a 
new  generation  X-Ray)  or  expanded  (by  incorporating 
a  third  subsystem)  with  minimal  modifications  on  the 
existmg  design.  The  overall  system  performance  of 
the  combined  TNA-EDS  and  X-Ray  system  is  far 
better  than  any  of  the  individual  system  can  deliver  as 
shown  on  the  PD/PFA  curve  in  Figure  I .  This  curve 
indicates  how  much  the  XENIS  ha.s  reduced  the 
TNA-EDS  PFA.  It  is  generated  from  the  set  of  bags 
(used  for  the  FAA  test  in  San  Francisco  International 
Airport)  that  is  considered  a  threat  by  the  TNA-EDS 
alone.  PD  represents  the  percentage  of  bomb  cases 


in  that  set  that  was  coaftnnad  by  the  XENIS.  PFA 
represents  the  percentage  of  clean  cases  in  that  set 
that  was  alarmed  by  the  XENIS.  The  percentage  of 
the  fidsi?:  alarm  reduction  (100%  -  PFA)  can  be 
extracted  from  the  plot  at  the  point  where  the  curve 
leaves  the  100%  PD  line.  The  ultimate  goal  of  the 
XENIS  is  to  maintain  the  high  PD  ftom  the  TNA- 
EDS  and  minimire  the  PFA  by  using  the  X-Ray 
system. 

3.  XENIS  TEaiNIQllE 

The  XENIS  is  a  highly  efficient  and  intelligent  EDS. 
It  is  able  to  scan  a  suitcase  with  TNA  followed  by  X- 
Ray,  perfarm  real  time  data  analysis,  and  come  up 
with  an  automated  decision  of  bomb  or  no  bomb,  all 
within  six  seconds.  The  XENIS  final  decision  is 
based  solely  on  mathematical  analysis  witbotU  any 
human  intervention.  The  intelligence  of  the  XENIS 
lies  in  the  software  which  is  the  most  complex  and 
unique  part  of  the  system.  The  software  is 
responsible  for  three  main  fiinctioos: 

3.1.  Data  Acquisition 

3.2.  Data  Reduction,  and 

3.3.  Decision  Analysis 

These  three  sections  are  briefly  described  below. 

3,1  Data  Acquisition 

The  main  purpose  of  the  data  acquisition  nrodule  is  to 
acquire  raw  data  from  the  TNA  and  the  X-Ray 
scanners  to  generate  images.  The  data  acquisition 
module  p^orms  two  tasks: 

(i)  TNA  Image  Acquisition 

(ii)  X-Ray  Image  Acquisition 

The  TNA  image  acquisition  is  done  by  a  data 
acquisition  package  custom  designed  and  developed 
by  SAIC.  When  a  suitcase  passes  through  the  TNA- 
EDS,  the  nitrogen  signals  acquired  by  the  gamma 
detectors  are  passed  to  the  image  reconstruction 
algorithm  to  generate  a  3-D  nitrogen  image  of  the 
suitcase.  This  image  is  analyzed  by  the  TNA-EDS 
data  analysis  module.  When  a  TNA-EDS  automated 
decision  is  reached,  the  image  is  then  transferred  to 
the  XENIS  data  analysis  module  for  image 
correlation. 


312 


TI»  X'Rey  iinice  aoi)uisitko  systein  uses  a  mcdii»d 
Astrophyacs  IJnfwcan  System  Five  wliicfa  providcK  a 
24)  tnnstsifiBoo  top  view  md  <  2-D  trassmiaskn 
stds  view  of  &e  scaawd  suitctse.  Qace  acquired 
oito  a  qiecialized  image  processor,  tbe  XENIS  data 
reductioo  moduk  perfenos  imago  conelatioa. 

3,2  Data  Reduction 

The  data  reductioa  icodule  pafonns  fee  fustoo  of  fee 
TNA  and  the  X-Ray  imsges.  Before  the  actual  image 
Gonelatioa  takes  place,  both  fee  TNA  and  fee  X-Ray 
images  require  pieptocessisg. 

The  first  step  in  fee  image  preprocessing  is  fee 
conversion  of  fee  dimensionality  of  fee  TNA  image 
to  feat  of  fee  X-Ray  imago.  This  is  done  by 
projecting  fee  3-D  TNA  image  onto  fee  2-D  X-Ray 
image  plane.  There  are  two  image  projecdoa 
mefeods.  One,  known  as  fee  straight-projection 
method,  collapses  fee  3-D  image  al(»g  parallel  rays 
perpendicular  to  the  plane  of  prqectioo  as  shown  in 
Figure  2.  This  method  does  not  account  for  the  X- 
Ray  magnificatimi  due  to  fee  fon  shape  of  the  X-Ray 
beam.  The  other,  known  as  fee  warped-projectioa 
method,  compensates  for  ^-beam  magnificatioa  by 
progressively  magnifying  slices  of  fee  3-'D  image 
which  are  closo-  to  the  projection  plane  before 
collapsing  as  in  fee  straight-projection  mefeod  as 
shown  in  Figure  3.  Warped-projection  is  more 
conputationally  intensive  tlum  straight-projecfioo  but 
certainly  produces  an  image  that  coire^xmds  more 
closely  to  fee  fim-beam  coofiguraticHi  of  fee  X-Ray 
system. 

The  next  steps  in  the  image  preprocessing  are  image 
rescaling  and  image  convolution.  The  sire  of  the 
reconstructed  TNA  image  is  different  from  that  of  the 
acquired  X-Ray  image  due  to  fee  difference  in  fee 
data  acquisitirm  systems.  It  is  important  to  match  up 
fee  sizes  of  both  images  before  correlation  is 
performed.  On  the  other  hand,  the  vast  contrast  in 
the  spatial  resolution  between  the  TNA  and  the  X- 
Ray  images  requires  fee  X-Ray  image  to  go  through 
image  convolution.  Image  convolution  helps  to  adjust 
for  the  resolution  mismatch  between  the  TNA  and  fee 
X-Ray  inuges  by  filtering  fee  X-Ray  image.  Hus 
will  lower  the  image  noise  level  and  smooth  fee  X- 
Ray  image. 

Upon  fee  completion  of  image  preprocessing,  fee 
TNA  and  fee  X-Ray  images  are  correlated.  Image 
correlation  is  carried  out  mafeematically  by  a  SAIC 


yeeially  deriftind  a  Igcrifem.  ThedaBecgeisintfe 
conela^  u  to  omsb  tire  TNA  aad  tire  X-Ray 
imagea  with  about  fee  Kore  avenge  ibflipaea  bat  aot 
to  loae  tire  ircfioftaat  spatial  infbmsatioa  feat  fee 
original  X-Ray  high  reeolutkre  image  oostaiss.  Thia 
is  tire  most  ctucial  part  in  image  oonelatiaa. 
Arrether  inqMCtut  pert  ia  tiiat  tire  inteoai^  of  tire 
'TOA  and  the  X-Ray  images  have  to  be  wefl  balanced 
according  to  tireir  significance  level.  Iftbeconelsted 
imsge  is  dominated  by  eitiier  tire  TNA  or  tire  X-Ray 
image,  tire  infonoation  extracted  fnm  tius  resulted 
imago  would  be  Inased,  wfeidi  would  directly  affect 
tire  accuracy  of  the  ««tonMteid  ducisiaa. 

The  last  steps  in  image  conelatioc  are  imsge 
r^ulaiizatioD  and  edge  eahaaosmonL  The  puipoee 
of  tirese  procedures  is  to  r^ulaiize  the  nm^  qpota  in 
the  image  and  to  make  tire  different  otyects  in  tire 
suitcase  stand  Mit  from  tire  background  ad  firom  each 
otirer.  The  final  image,  hence,  becoarea  a  sawofe 
and  fine  tuned  conelated  image  which  contains  tire 
most  inqwriant  informatioo  finun  botii  tire  TNA-EDS 
and  tire  X-Ray  system. 


Oace  a  final  corrected  image  is  created,  the  useful 
information  contained  in  tire  image  are  extracted. 
This  infonnation  is  expressed  as  qoantitttiive 
variables,  or  features.  There  are  two  ^pes  of 
features  available  from  each  image.  One  type  ia  the 
global  features.  Global  features  show  the  avenge 
informatioo  of  a  bag  wife  no  r^onal  specific  detail. 
One  value  is  obtained  for  earii  global  feature  for  each 
image.  The  other  ^pe  is  tire  local  features.  Local 
features  show  tire  localized  infbtmitiai  witiiin  a 
suitcase  by  using  the  agglomerization  technique.  The 
function  of  this  technique  is  to  identify  one  or  more 
high  threat  level  r^ons  witiiin  tire  suitcase. 

It  is  importat  for  the  decision  algorithm  to 
distinguish  explosives  not  only  based  on  tire  avenge 
bag  infonnation,  but  also  qrecifically  on  tire  different 
objects  within  the  suitcase.  The  way  to  perform 
agglomerization  is  to  threshold  the  intensity  of  tire 
conelated  image  wife  preset  values.  If  tiieie  is  ay 
localized  region  that  exceeds  the  threshold,  this 
region  is  identified  as  a  blob.  A  blob  means  tire 
identified  region  in  tire  suitcase  has  high  density  and 
high  content  of  nitrogen,  or  in  ofeer  words  hi^ 
tiueat  level.  Each  image  may  contain  more  tba  one 
blob,  dqrending  on  the  nitrogen  content  of  tire 
objects,  tire  density  of  the  objects,  and  the  number  of 
objects  contained  in  the  suitcase.  In  contrast  to  tire 
global  features,  each  imago  may  have  may  local 
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festure  values.  For  exacc^Is,  if  three  blobs  an 
ideatified  in  an  iiuage,  three  values  of  a  local  featun 
would  be  produced. 

The  aggloiserizatioo  technique  ts  inqwrtant  in 
providing  the  decisioo  algorithm  a  much  clearer  and 
moro  ngional  specific  pictun  of  the  scanned 
suitcases,  e^iecially  for  dense  suitcases.  The  local 
feahms  of  explosives  in  a  dense  suitcase  have  much 
stronger  indications  of  its  presence  than  the  global 
features. 

3  J  Dedsioa  Aiud3r5i5 

The  multi-mode  af^roach  of  the  XENIS  makes  the 
system  iiiherently  complex.  The  abundant  raw  and 
processed  data  from  b^  the  TNA-EDS  and  the  X- 
Ray  system  result  in  the  generation  of  more  than  a 
hundred  features.  By  utilizing  these  features,  a  fully 
automated  threat  or  no  threat  decision  is  made. 

The  classification  theory,  discriminant  analysis',  is 
used  to  make  the  XENIS  decisioo.  Discriminant 
analysis  is  a  statistical  technique  for  classifying 
individual  objects  into  mutually  two  or  more 
exclusive  and  exhaustive  groups  on  the  basis  of  a  set 
of  independent  variables,  or  discriminant  features. 
Its  objective  is  to  derive  a  linear  combination  of  the 
independent  discriminant  features  that  will 
discriniiute  between  a  priori  defined  groups  (bags 
with  or  without  threat)  with  minimum 
misclassification  error  rates. 

Discriminant  analysis  for  the  XENIS  can  be  thought 
of  in  terms  of  a  simple  'scoring  system".  Given  a 
calibration  bag  data  set  with  known  status  (with  or 
without  threat)  of  each  bag,  a  score,  which  is 
essentially  a  weighted  average  of  the  independent 
discriminant  features,  is  assigned  to  each  bag.  Once 
a  score  is  determined,  it  can  be  transformed  into  an 
a  posteriori  probability  that  gives  the  likelihood  of  the 
bag  belonging  to  each  of  the  (with  or  without  threat) 
groups.  Fisher’s  approach  is  used  in  generating  this 
probability.  It  is  accomplished  by  maximizing  the 
between-group  variance  relative  to  the  within-group 
variance. 

The  accuracy  of  the  XENIS  decision  depends  on  the 
robustness  of  the  XENIS  calibration  which  is 
dependent  on  many  factors.  The  most  significant  one 
is  the  distribution  of  the  calibration  data  set.  The 
way  the  XENIS  discriminates  bags  into  different 
(with  or  without  threat)  groups  is  by  following  the 


rules  estaUished  by  the  discrimmant  analysis  of  the 
calibration  sample.  If  the  distribution  of  the  data  irs 
the  calibration  sample  are  not  representative,  no 
matter  how  fine  tuned  the  system  calibration  is,  the 
discriminatioo  rules  established  based  on  the  invalid 
data  set  would  sot  be  optimal,  resulting  in  a  non- 
robust  autonmted  decisioa. 


4.  PRACTICAL  EXPERIENCE  OF  THE  XENIS 

System  integration  plays  an  important  role  in  building 
the  XENIS.  Many  technical  problems  were 
encountered  and  solved  before  the  >^NIS  was  fully 
operational.  They  include  the  assembly  of  the  TNA- 
EDS  neutron  source,  gatmna  detectors,  neutron  flux 
nx)derator,  scanning  cavity,  shielding  walls,  Welding 
doors,  the  physical  integration  of  the  TNA-EDS  with 
the  X-Ray  system,  the  conveyor  belt  common  to  both 
subsystems,  the  electronics  for  data  acquisition,  the 
data  transfer  from  the  TNA-EDS  to  the  XENIS,  the 
interfece  for  the  hardware,  software,  and  image 
processor,  and  the  system  throughput. 

The  XENIS  performance  depends  on  the  optimization 
of  the  above  components  beside  software 
implementation  and  the  XENIS  calibration.  In 
addition  to  the  optimal  operation  of  each  individual 
component,  the  integration  of  all  components  at  final 
installatioa  affects  the  features  values  used  in  the 
decisioa  making.  The  key  requirement  in  making 
sure  every  part  of  the  XENIS  is  working  optimally  is 
ample  experience  with  on-site  operation.  The 
application  of  the  XENIS  in  airports  in  the  U.S.,  the 
Middle  East,  and  Europe  has  shown  that  different 
airports  in  different  seasons  have  different  needs  from 
the  system.  Each  XENIS  has  to  be  adjusted 
differently  in  order  to  suit  different  airports’  specific 
requirements.  The  system  adjustment  procedure  has 
been  made  convenient  through  telecommunicatioas. 
The  SAIC  main  computer  system  can  make 
adjustments  to  the  on-site  XENIS  anytime  without 
interruptions  to  the  normal  daily  operation  of  the 
system.  Off-line  analysis  of  the  on-site  data  can  also 
be  performed  on  the  same  day  through 
telecommunications. 

The  collected  data  that  the  XENIS  obtained  from 
passengers’  bags  provide  a  valuable  statistical 
database  for  decision  analysis.  The  robustness  of  the 
XENIS  calibration  depends  on  the  distribution  of 
these  data.  Without  this  important  piece  of 
information,  it  is  impossible  for  any  kind  of  EDS 
which  makes  automated  decisions  to  be  able  to 
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perfbnn  opdmiliy  because  of  the  lack  of  valid 
infonaatioa  to  train  the  decistoo  alftoridun. 

The  robustness  of  the  XENIS  calibratioa  also  depeads 
on  the  simulants,  which  are  materials  coataining  the 
same  characteristic  features  as  in  the  explosives  but 
has  no  risk  for  explosion.  The  experience  in  making 
different  types  of  simulants  atul  developing  the 
nsetfaods  to  qualify  the  simulants  are  very  important. 
If  the  errors  between  the  qualities  of  the  simulants 
and  the  explosives  exceed  certain  limits,  the  collected 
d&ta  using  these  simulants  will  carry  false 
informaticm,  which  coriiinly  reduces  the  robustness 
of  the  XENIS  calibration.  instance,  if  the 
XENIS  is  trained  with  one  set  of  simulants,  vriien  it 
is  tested  with  real  life  explosives,  or,  even  worse, 
simulants  uhich  are  not  thorou^y  qualiried,  the 
system  performance  would  most  probably  be  lower 
dun  its  normal  performance  because  there  are 
discreparrcie.;  between  the  information  carried  in  the 
calibratioo  data  set  and  the  informatioa  observed  in 
the  test.  The  only  way  to  avoid  this  problem  is  to 
utilize  the  experience  of  dealing  wife  simulants, 
figure  out  which  features  are  important  in  qualifying 
simulants,  and  design  a  detailed  and  complete 
simulant  qualifying  test  to  minimize  the  errors  of 
those  features. 

All  the  above  observations  are  solriy  based  on  the 
practical  experience  of  the  XENIS  in  airports.  It  is 
obs^ed  that  detailed  decision  analysis  on  airport  bag 
information  is  essential  to  obtain  a  robust  calibration, 
even  though  all  the  software  implementation  have 
been  finished  and  the  system  is  up  and  tunning.  How 
well  the  XENIS  performs  directly  dq)ead8  on  how 
valid  the  calibration  data  set  is,  how  detailed  the 
decision  analysis  has  been  done,  and  how  much  has 
been  learned  from  on-site  operational  experience. 


5.  INVECTIGATION  TOR  THE  XENIS 
UPGRADE 

The  multi-mode  design  of  the  XENIS  makes  the 
system  very  flexible  for  future  (q)grados  without 
requiring  any  major  modifications  on  the  existing 
design.  Two  new  X-Ray  technologies  were 
investigated  to  assess  the  possibility  of  replacing  the 
current  Astrophysics  X-Ray  Transmission  Unescan 
System.  lliey  are  the  X-Ray  Transmission 
Computed  Tomographic  (CT)  Scanning  technique 
built  by  Imatron,  Inc,  and  the  X-Ray  Transmission 
and  Backscatter  Tomogiaphic  (ZT)  Scanning 


technique  built  by  Americaa  Scieuce  andEogineeriog 
(AS&E). 

The  advantage  of  the  CT  Scannra^  is  that  it  provides 
a  3-D  X-Ray  image.  If  this  3-D  X-Ray  image  is  used 
to  correlate  with  dae  TNA  image,  the  (Hojection  of 
the  3-D  TNA  image  onto  a  2-D  plane  would  no 
longer  be  required.  The  crmelated  image  would  be 
more  spatially  tpeciftc  and  die  resultant  blobs  feran 
agglomerizadon  would  be  more  precise.  The 
prepaiadoo  for  the  FAA  test  of  the  combined  TNA- 
EDS  and  CT  Scanner  required  yety  mmor  TNA-EDS 
modifications. 

The  advantage  of  the  ZT  Scanner  is  that  it  provides 
backscattering  as  well  as  transmissiQninftinnatiooon 
the  2-D  X-Ray  images.  The  badcBcattering  X-Ray 
image  indicates  die  presence  of  materials  widi  low 
atomic  numbMs,  ^ch  may  be  useful  in 
distinguishing  plastic  explosives.  Tbepreparatioofbr 
the  FAA  test  of  die  combined  TNA-EDS  and  ZT 
Scanntf  requires  minor  modificatioos,  whidi  is 
crmsistent  with  the  idea  of  die  multi-inode  approach. 


(.  CONCLUSION 

The  high  nitrogen  sensitivity  of  TNA  makes  it  die 
existing  technology  for  the  detection  of  bulk 
explosives  ccmcealed  in  baggage.  The  XENIS,  the 
fusion  of  the  TNA  and  die  X-Ray  technologies, 
successfuUy  developed  by  SAIC,  significaady 
enhanced  the  effectiveness  of  explosives  detection. 
The  rigorous  correlation  of  the  TNA  3-D  nitrogen 
image  with  the  X-Ray  2-D  high  density  image,  the 
novel  agglomerization  technique,  the  detailed 
discriminant  analysis  of  an  extensive  database 
acquired  on  site,  and  the  thorough  qualification 
process  of  simulants  used  for  calibration,  all 
contribute  to  the  robustness  of  the  XENIS  sutomsted 
decisirm.  The  extensive  airport  operational 
experience  of  the  XENIS  has  proven  vslusble  in 
idraitifying  the  fectors  critical  to  the  success  of  the 
XENIS.  The  multi-mode  design  of  the  XENIS  has 
made  the  system  very  flexible  for  fiiture  upgrades,  as 
denxmstrated  in  the  investigation  of  the  CT  Scanner 
and  the  ZT  Scanner. 

NOTE 

1.  Linear  Statistical  Inference  and  Ita  Applications 
by  C.  Rao,  2nd  ed.,  Wiley  and  Sou,  1973. 
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I%irc  1  PD  vs.  PFA  Plot 
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Figure  3  V^arped-Frpjectioa  Method 


EXPLOSIVE  DETECTION  FOR  CHECKED  LUGGAGE  BY  DETEX, 
A  COMBINED  X-RAY  AND  POSITRON-TOMOGRAPH  SYSTEM 


Hans  W.  Poogtatz 
DASA-MBB 
Munich,  Germany 


1.  SCOPE 

The  DETBX— System  (DETection  of  Explosives)  is 
a  multistage,  automatic  detection  system  for 
explosives  in  checked  luggage  on  airports.  The 
operating  principle  of  DETEX  combines  a  two  energy 
x-ray  machine  pwforming  three-dimensional 
reconstruction  and  a  bremsstrahlungs  source  with  a 
positron  tomograph  system  and  automatic  threat 
assessment  algorithms.  Special  reconstruction 
algorithms  for  the  positron  tomogn^rh  have  been 
developed  for  three-dimensioiud  reconstruction  of 
activity  distribution  at  low  count  rates.  Results  of 
simulations  and  measurements  are  presented  and 
discussed. 

2.  SYSTEM  REQUIREMENTS 

Investigations  in  recent  terrorist  attacks  ^owed  that 
explosive  charges  smaller  than  one  pound  can  destroy 
an  aircraft.  At  the  moment  a  detection  threshold  of 
sub-kilogram  quantity  of  explosives  in  a  camouflaged 
format,  found  with  a  false  alarm  rate  of  less  than 
0.1%  at  a  detection  probability  of  greater  than  99% 
seems  adequate.  Smaller  charges  should  be  found 
with  higher  false  alarm  rates  (Fig.  1). 

The  system  shall  have  low  susceptibility  to 
camouflage  (shielding,  sheet  explosivm,  gastight 
encloaemeat)  and  deception. 

The  system  riiall  have  a  high  throughput  of  at  least 
600  b^s  ptf  hour  and  shall  be  expandable  to  3000 
bags  per  hour. 

The  system  shall  operate  folly  automatic  until  alarm 
generation  and  must  b«  integrated  into  standard 
luggsge  handling  systems  on  airports.  Low  false 
alarm  rate  is  important  to  allow  unintenupted  luggage 
handling  operations. 

The  system  shall  be  able  to  And  nitrogen  baaed  high 
performance  explosives  like  TNT  and  SEMTBX  and 
other  mixtures  based  on  chlorates,  perchlotatea  and 
other  oxidation  agents  in  larger  quantities  (Pig.  2). 


3.  DETEX  CONCEPT 

The  DETEX-concept  is  a  multistage  atul  multiseaaor 
approach  to  the  eiqdorive  detection  problem.  It 
combines  two  energy  x-ray  systems  which  can  take  at 
least  three  projections  of  a  luggage  sanq)Ie  and  create 
a  three-dimensional  iqipfoximation  of  the  absorption 
density  and  the  atomic  number  distribution  of 
materials  with  an  activation  unit  and  a  positron 
tomograjd!  system  with  good  qratial  resolution  which 
can  create  a  nitrogen  and  oxidation  agent  density 
distribution  of  the  checked  luggage  piece. 

A  survey  into  possible  materials  in  a  piece  of  luggage 
shows  nitrogen-  or  oxidant-agent  carrier  density 
alone  is  not  selective  enough  as  a  decisian  criteria. 
Taking  physical  density  and  atmnic  number  as  well 
into  account  gives  a  reasonable  selective  criteria,  if 
the  qMtial  reedution  is  high  enough  to  avoid 
excessive  folae  alarms  (Fig.  3). 

The  nuclear  measurement  componmit  works  by 
activating  nitrogen  and  other  low  threshold  nisterisls 
by  bremistrahlung,  which  is  a  spectrum  of  hard  x- 
rays.  The  laemsttnhluog  is  prothiced  by  a  14  MeV 
electron  beam  striking  a  heavy  metal  target 

The  x-ay  conynowits  above  the  ihteAold  of  10.8 
MeV  genente  a  (y»  n)ieection  which  tranafonna 
into  '*N  itncU  forther  to  ‘*Caiid  a  poaitroo.  The 
positroo  gets  slowed  dovra  in  the  material  and 
eventually  annihilatee  with  an  electron  producing  two 
y-quanta  in  opposite  directions.  These  cotacideot  (in 
timejy  -quants  can  be  measured  on  opposing  position 
sensitive  detectora.  Thus  a  line  can  be  defined  wlwpe 
the  event  must  have  been  with  a  leaolutidn  of  about 
1  cm  (Pig.  4). 

From  the  sum  of  the  events  a  leconstiuctioo 
algorithm  can  reproduce  foe  activity  density  in  foe 
measured  sanq;ile.  Activity  densities  of  cloth 
msterial.  drugs,  explosives  and  metsls  ate  sufflcientiy 
apart  to  discern  ragiooi  of  possible  explosiveii  wtfo  a 
lesolutioo  oi  about  2  cm. 
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The  resulting  511  keV  annihilation  radiation  is  bard 
enough  to  penetrate  usual  luggage  materials  and  to 
allow  nondestructive  measurement  of  the  activation. 

Measurement  can  be  in  a  small  energy  band  (energy 
resolution  about  10%)  which  results  in  high  signal  to 
noise  ratios.  With  this  kind  of  energy  resolution  some 
y-quanta  which  are  compton-scattered  still  can  enter 
the  measurement  device  and  result  in  some  softening 
of  the  resulting  image.  However,  this  effect  remains 
in  tolerable  limits  due  to  the  operation  of  the 
reconstruction  algorithm  which  tends  to  suppress 
stray  signals. 

The  complete  DETEX-System  operates  in  three 
stages  (Fig.  S).  In  the  first  stage  the  bags  are 
activated  in  the  illumination  chamber.  Then  the  x-ray 
machine  takes  three  projections  from  the  bag  in  two 
energy  bands.  From  these  an  absorption  density  and 
an  atomic  number  distribution  of  the  bag  is  produced. 
The  (Fig,  6)  activation  is  measured  in  the  Anger 
camera  as  a  list  of  coincidence  events.  From  these  an 
activity  density  map  is  produced.  Mass  and  activity 
density  are  correlated  and  coherent  objects  identified 
and  classified.  These  objects  are  used  for  a  first 
threat  analysis.  Unsuspect  bags  are  cleared  from  the 
process  at  this  stage.  Suspect  bags  are  transferred 
into  a  high  precision  computer  tomograph  which 
produces  a  high  resolution  outline  and  density  map  of 
suspect  areas  which  takes  some  time  and  cannot  be 
performed  on  every  bag  in  rea.sonable  time.  This  is 
the  secoud  stage  of  the  process.  Bags  that  can  bo 
cleared  are  taken  from  the  system  now.  Bags  which 
are  still  suspect  enter  the  third  stage  of  the  process. 
Here  the  bags  are  recycled  and  reactivated  at  17  MoV 
•  at  the  suspect  areas  only  to  avoid  excessive 
activation.  At  17  MeV  ’‘O  gels  activated  at  a  notable 
scale  and  allows  assessment  of  contents  in  the 
su^iect  area  (Fig.  7). 

Areas  which  contain  enough  nitrogen  or  oxidant  agent 
carriers  like  chlorine,  phu6^oius  and  fluorine  and 
enough  oxygen  to  comprise  an  explosive  charge  of 
sufficient  size  are  considered  as  bombs  and  trigger  an 
alarm  to  initiate  separate  treatment  by  the  operator  of 
the  possible  bomb. 

4.  MEASUREMEmS  AND  SIMULATIONS 

Activation  measurements  with  14  MoV 
bfoffisstrahlung  to  confinn  the  crDss-.soctions  fur  the 
(y-n)  activation  reaction  have  been  performed  by  the 
IITAN  Company  of  Albuquerque,  USA. 


Measurements  with  an  Anger  camera  to  prove  the 
spatial  resolution  at  the  anticipated  low  count  rates 
have  been  performed  at  UGM  Medical  Systems  of 
Philadelphia,  USA  and  showed  that  a  resolution  of  1 
cm  can  be  reached  (Fig.  8). 

A  detailed  measurement  simulation  of  both  the  x-ray 
and  the  (Fig.  9)  Anger  camera  and  a  first  version  of 
the  reconstruction  algorithms  showed  that  TNT  sheet 
explosives  as  thin  as  3  mm  and  down  to  about  SO  g 
of  mass  can  be  reliably  found  in  a  standard  luggage 
environment.  As  well  a  shielding  of  S  mm  copper, 
which  is  activated  by  itself  much  stronger  than  the 
explosive,  can  be  penetrated  and  allows,  for  example, 
to  see  whether  a  hollow  cube  of  S  cm  edge  length 
and  S  nun  copper  walls  contains  explosives  or  not 
(Fig.  10). 

Materials  like  copper,  silver  or  gold  get  activated 
much  stronger  than  nitrogen.  This  results  in  some 
problems  around  the  edges  of  thick  nuterials,  where 
a  halo  is  created,  which  could  be  mistaken  as  a  sheet 
of  explosive  on  the  metal  and  cause  a  false  alarm. 
These  cases  can  be  resolved  in  part  by  taking  the  x- 
ray  images  and  inspecting  the  edges  whether  a 
sufficient  den.se  plastic  material  is  actually  there  to 
constitute  an  explosive  lining  or  not.  This  is  where 
the  high  resolution  of  the  computer  tomograph  is 
needed  and  where  the  false  alarm  rate  can  be  reduced 
ov«r  that  attainable  in  the  first  stage  alone. 

5.  CONCLUSION 

Taking  these  results  together  there  is  a  good  chance 
for  the  DlX-Concept  to  answer  the  needs  for  an 
effective  explosive  detection  device  wdtich  is  operable 
in  an  average  airport  (Fig.  1 1)  environment.  A  vital 
advantage  is  by  separating  illumiiuitioa  and 
measurement  resulting  in  a  long  life  expectancy  for 
the  Anger  camera  (20  000  h).  There  is  permanent 
access  without  radiation  hazard  except  to  the 
illumination  chamber. 

The  illumination  unit  as  well  has  long  life  expectancy 
(30  000  h). 

The  system  is  highly  modular  and  adaptable.  High 
spatial  resolution  translates  into  good  resistance  to 
ccuntenneisures. 

The  re.sidual  activity  of  the  luggage  is  far  below 
allowable  limits  for  free  handling  and  has  short  half 
life  (order  of  10  minutes),  which  improves  the  chance 
for  public  acceptance  (Fig.  12). 
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Expedmentai  results  for  the  projected  detector  concept 
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Conclusions: 

■  DETEX  meets  all  requirements 

■  Vital  advantages  by  separating  illumination  and  measurement 

-  Long  life  expectancy  of  Anger  Camera  ( 20.000  h) 

-  Permant  access  without  radiation  hazard  for  operating 
and  maintenance  except  illumination  chamber 


■  Long  life  expectancy  of  illumination  unit  ( 30.000  h) 


■  All  Important  system  components  verified  by  experiments 


■  High  modularity 


■  Best  spatial  resolution  of  all  discussed  methods  results  in 
highest  sensitivity  and  high  resistance  against  counter 
measures 


■  Residual  activity  of  luggage  far  below  allowable  limits 


■  MBB  has  processing  license  for  handling  of  explosives  for 
test  measurements 


FIG.  11 
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SELECTIVE  GAMMA  RAY  RESONANT  ABSORPTION 

FOR 

EXPLOSIVES  DETECTION 


Colin  NicboUt  A  J.  Denvin  King 
Instnunentatioo  and  Space  Reaearch  Divinon 
Souibweat  Rowarch  Jnsdbste 
San  Antonio,  TX 

Floyd  McDaniel 

Ion  Beam  Modification  A  Analysis  Lab 
University  of  North  Texas 
Denton,  TX 


1.  INTRODUCTION 

The  provision  of  improved  security  for  passengers  in 
domestic  and  international  travel  is  a  high  priority  need 
of  the  Federal  Aviation  Administration  (FAA)  and  other 
government  agencies.  One  technique  currently  iind«' 
investigation  is  based  on  the  resonant  absorption  in 
nitrogen  of  9.17  MeV  gattuna  rays.  Since  explosives 
contain  a  higher  prqmrtion  of  nitrogen  than  most 
common  materials,  a  high  nitrogen  absorption  can  be 
used  to  infer  the  presence  of  explosives.  This  technique 
is  attractive  in  that  the  gamrm  rays  used  are  of 
sufficiently  high  energy  that  they  can  penetrate  most 
shielding  that  could  reasotubly  be  incorponded  into  a 
suitcase.  However  the  meth^  is  more  accurately  a 
nitrogen  concentration  detector  rather  than  a  specific 
explosive  detector  and  so  bdse  alarm  rates  from  this 
approach  could  be  high.  If  a  degree  of  chemical 
selectivity  (i.e.  detection  of  explosives,  rather  than 
nitrogenous  compounds)  could  be  incorporated  into  Ute 
method,  then  false  alarm  rates  might  to  reduced  to  a 
low  enough  level  to  moke  this  a  particularly  attractive 
technique.  SwRI  has  identified  a  promising  method  to 
achieve  this  and  has  filed  for  a  potent.  In  this  modified 
method,  high  energy  gamma  rays  are  used  to  penetrate 
metal  shields  while  a  magnetic  field  is  applied  to 
modulate  the  nuclear  energy  levels  of  select^  nuclei 
('*N)  in  the  material  being  tested.  This  modified 
resonant  gamitu  ray  alworptioo  approach  will 
potentially  provide  chemical  sensitivity  and  qtecifidty 
to  selected  nitrogenous  compounds,  including  some 
expletives. 

2.  TECHNICAL  BACKGROUND 

Despite  the  increasing  threat  from  terrorist  attacks  and 
sub^tial  R&D  expraiditures  by  the  FAA,  no  entirely 


satisfactory  technique  for  detecting  explosivee  concealed 
in  airline  baggage  or  mail  has  yet  ben  developed.  The 
previously  developed  medtods  are  not  qiedfic  to 
explosives,  have  too  high  a  fidae  alarm  rate  or  they  are 
not  able  to  inqMct  all  bags. 

However,  some  time  ago,  one  of  us  (J.D.K.)  filed  an 
invention  disclosure  which  described  a  tedmique  vrtiich 
relies  on  combining  the  resonant  absorption  of  9.17 
MeV  gamma  ray  photons  by  with  additional 
features  that  provide  qiecificity  to  selected  compounds. 
Any  nitrogenous  materials  placed  in  a  beam  of  9.17 
MeV  gamma  rays  will  absorb  these  fdiotoos  widr  a 
relatively  high  cross-section.  However,  nitrogen  in 
some  explosives  (notably  TNT  and  C4-the  high-tiireat 
plastic  explosive)  has  nuclear  quadrupole  resonances 
(NQR)  at  various  frequencies  in  the  1-S  MHz  range, 
^licatioo  of  a  magnetic  field  of  the  appropriate 
intensity  (generally  in  the  200  -  1500  Gauss  range) 
causes  the  nuclei  of  hydrogen  atoms,  which  are  also 
present  in  the  explosive  materials,  to  have  an  NMR 
frequency  co-incident  with  the  nitrogen  NQR  frequency. 
From  our  previous  NMR  woric  (Ref.  1,2),  it  is  known 
that  this  fi^uency  co-incidence  allows  greatly  enhanced 
energy  transfer  between  the  hydrogen  and  nitrogen 
nuclei  and  this  effect  strongly  influences  the  proton 
NMR  characteristics  (for  example,  foe  NMR  q>in  lattice 
relaxation  time,  T|,  of  protons  in  C4  is  reduced  by  a 
factor  of  several  thousand  -  Ref  3).  Our  present  NMR 
system  for  explosives  detection  utilizes  this  cross 
coupling  effect.  It  was  postulated  that  fois  coincidence 
would  also  affect  the  nitrogen  resonant  absorption  of 
gamma  rays,  possibly  by  chawging  the  width  of  foe 
resonance  line  or  by  shifting  foe  resonant  energy  level 
by  a  small  amount.  Hence,  by  varying  the  intensity  of 
t^  applied  magnetic  field  about  tte  level  that  causes 
coincidence  of  foe  'H-NMR  and  '^N-NQR  in  foe 
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material  under  test,  it  was  anticipated  that  any  effects 
due  to  this  coincidence  will  be  shown  as  variations  in 
the  absorption  characteristics  of  the  resonant  gamma 
rays.  For  example,  if  the  resoiumce  is  broadened  then 
gamma  ray  energies  which  were  previously  outside  the 
resonance  absorption  line  would  be  attenuated  as  they 
move  under  the  resonance  curve.  Similarly,  if  the 
resonant  energy  shifted,  thra  the  attenuation  of  'on- 
resonance”  gamma  rays  will  be  affected.  Recently  the 
basic  measurements  needed  to  verify  the  existence  of 
such  effects  were  carried  out.  It  was  believed  that  the 
success  of  the  measurements  would  demonstrate  the 
feasibility  of  a  detection  scheme  which  combines  the 
chemical  selectivity  of  NMR  with  the  capability  to 
penetrate  dense  metallic  shielding.  These  are 
fundamental  requirements  for  an  entirely  successful 
explosives  detector  to  meet  the  needs  of  airport  security 
as  well  as  other  portal  inspection  applications. 

3.  APPROACH 

The  experimental  investigations  were  conducted  at  the 
University  of  North  Texas.  The  tandem  accelerator  at 
the  University  of  North  Texas  was  used  to  generate 
protons  of  approximately  1.7  MeV  required  for  the 
studies.  Collision  of  these  protons  with  a  carbon-13 
target  generates  high  energy  gamma  rays  (Figure  1). 
At  an  angle  of  approximately  80.7®  to  the  proton  beam, 
the  doppler  shift  is  of  exactly  the  correct  value  to 
produce  a  beam  of  gamma  rays  at  an  energy  of  9.17 
MeV  -  the  value  required  for  resonant  (maximum) 
absorption  by  nitrogen-14  (Figure  2).  These  gamma 
rays  were  directed  through  an  explosive  simulant 
(powdered  hexamethylenetetramine  -  HMT)  which 
contains  '^N  in  a  molecular  (crystalline)  environment 
that  causes  a  nuclear  quadrupole  resonance  to  be 
present.  It  was  necessary  to  use  explosive  simulants 
such  as  HMT  to  avoid  difficulties  in  handling  and 
shipping  explosive  materials.  Future  studies  will  use 
real  explosives.  Nitrogenous  materials  with  no  known 
NQR  resonances  (e.g.,  liquid  nitrogen)  were  to  be  used 
as  controls  but  difficulties  with  the  accelerator  severely 
limited  the  useful  beam  time  available  to  the  study. 
Controls  were  therefore  achieved  by  other  means, 
which  are  described  below.  The  test  materials  were 
located  in  a  magnetic  field  and  irradiated  with  the 
resonant  gamma  rays.  The  intensity  of  the  gamma  ray 
transmission  was  monitored  as  the  scattering  angle 
between  the  incident  proton  beam  and  the  emitted 
gamma  ray  beam  was  varied.  Since  the  doppler  shift 
varies  with  scattering  angle,  by  sweeping  the  detector 
through  various  angles  the  incident  gamma  ray  energy 
is  effectively  varied. 


To  compensate  for  the  effects  of  beam  cuirent 
fluctuations  and  the  presence  of  magnetic  fields,  a 
second  gamma  ray  detector  was  used  on  the  side  of  the 
beam  line  opposite  to  the  sample  system.  This  detector 
was  used  to  detect  the  emission  of  9.17  MeV  gamma 
rays  (which  are  emitted  in  a  cone  of  constant  scattering 
angle  -  0==8O.7®).  A  gamma  ray  spectrum  obtained 
from  this  detector  during  one  experiment  is  shown  in 
Figure  3.  The  peak  centered  at  chaimel  number  2SS0 
is  the  9.17  Mcv  Ganuna  ray  photopeak,  and  the 
smaller,  broader  peak  centered  at  channel  number  2400 
is  the  first  escape  peak.  Both  peaks  were  included  in 
the  data  window,  since  both  petdcs  represent  the  arrival 
at  the  detector  of  a  9. 17  MeV  gamma  ray.  When  the 
magnet  was  switched  on,  the  fringe  field  altered  the 
photomultiplier  response,  effectively  reducing  the 
photomultiplier  gain  by  about  30%.  The  9.17  MeV 
peak  thus  accumulated  in  channels  centered  around 
17(X).  The  counts  detected  in  the  sample  detector  were 
normalized  by  dividing  by  the  counts  detected  in  the 
reference  detector.  In  order  to  properly  define  the 
scattering  angle  (and  hence  the  gamma  ray  energy)  the 
sample  detector  was  collimated  with  four  inches  of 
lead,  except  for  the  entrance  aperture  which  was  2  mm 
wide.  This  represents  an  angular  width  of 
approximately  0.25®. 

After  the  proton  beam  had  been  calibrated  to  ensure 
that  the  requisite  1.7  MeV  protons  were  incident  on  the 
’^C  foil,  the  first  experiment  was  performed  using  a 
melamine  san^le.  TUs  material  was  chosen  because  it 
has  one  of  the  highest  nitrogen  concentrations  available 
in  a  conveniently  handled  material  (-~80%  that  of 
liquid  nitrogen).  With  a  10”  long  powdered  sample  in 
no  magnetic  field,  the  scattering  angle  was  varied  to 
map  out  the  resonance  which  is  shown  in  Figure  4. 
The  absorption  dip  is  clearly  seen.  The  depth  of  the 
dip  agrees  with  calculations  based  on  published  data 
[Ref  4.].  If  the  san^Ie  goniometer  were  exactly 
aligned  with  the  proton  beam  axis,  then  the  center  of 
the  resonance  should  occur  at  80.7®.  The  data  shows 
a  goniometer  offset  of  approximately  1.1®,  but  since 
this  is  just  a  constant  offset  which  is  defined  by  the 
goniometer  position,  no  adjustments  were  made. 

After  this  result  had  been  obtained,  several 
experimental  difficulties  severely  reduced  the  available 
beam  time,  during  which  useful  experiments  could  be 
performed.  All  of  these  problems  were  identified  and 
corrected,  but  they  so  severely  reduced  the  time 
available  on  the  apparatus  that  only  one  sample  with  an 
NQR  signature  could  be  studied.  Fortunately  this  one 
sample  was  enough  to  indicate  the  possibility  of  the 
approach  being  feasible. 
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Ih  this  experiment  s  10”  long  cylindrical  a8ii^»Ie  of 
HMT  powder  was  placed  inside  the  magnet  widi  its  axis 
aligned  along  the  gamma  ray  beam.  The  scan  was 
begun  at  a  scattering  angle  of  80°  and  the  angle  was 
incremented  in  0.2°  8tq>8  excq)t  around  the  center  of 
the  resonance  where  0.1°  steps  were  used.  At  each 
position  data  was  collected  with  no  magnetic  field 
applied  and  then  rq>eated,  without  moving  the  san^le, 
with  an  i^lied  field  of  800  gauss  at  the  center  of  the 
magnet.  The  homogeneity  of  the  field  was  such  thid 
the  field  at  the  sample  was  everywhere  within  the  range 
780-  800  gauss.  Since  the  proton  NMR/  nitrogen  NQR 
cross-over  region  in  HMT  occurs  at  fields  from  7S0 
gauss  to  820  gauss,  all  parts  of  the  sanqple  were 
subjected  to  magnetic  fields  which  satisfied  the 
crossover  condition.  The  results  are  shown  in  Figure 
5. 


4.  RESULTS  &  DISCUSSION 

Examination  of  Figure  5  shows  there  is  iq^teciable 
scatter  present  in  the  data.  However  there  are  certain 
differences  between  the  data  sets,  the  most  obvious  of 
which  is  that  the  ‘Magnet  on*  data  has  a  higher  baseline 
than  the  ‘Magnet  Off  Data’.  Unfortunately  this  may 
not  be  significant,  since  the  baseUne,  defined  by  the 
ratio  of  the  counts  at  the  reference  detector  to  the 
counts  at  the  sample  detector  far  from  resoiumce  may 
be  influenced  by  the  experimental  configuration.  It  is 
possible  that  the  differences  seen  in  the  two  baselines 
might  be  due  to  a  shift  in  the  sample  detector 
calibration  in  the  fringe  field  of  the  magnet.  The  two 
calibrations  (with  and  without  magnetic  field)  required 
two  sets  of  energy  windows  to  be  set  to  observe  the 
9.17  MeV  peak.  Small  differences  between  the  true 
widths  of  diese  two  windows  could  account  for  the 
small  baseline  shift  (  1%  of  reference  detector  count 
rates)  observed  here. 

To  more  quantitatively  assess  the  differences  between 
the  data  sets,  a  computer  program  was  written  to  fit  the 
data  to  a  Lorentzian  line  shiqre  of  the  form  : 

Y  =  A  -t-  B  ( 1  -I-  ((d-8J/A)*)  ‘ 

where 

Y  is  the  ratio  of  the  counts  in  the  two 
detectors 

A  is  the  basline  ratio  (fru  from 
resonance) 

B  is  the  dqrth  of  the  resonance  dip 
$  is  the  scattering  angle 
9,  is  the  center  of  the  resonance 

A  is  the  width  of  the  resonance. 


The  fits  to  die  entiie  data  set,  diown  in  Figure  5  gave 
the  following  values 


Basdn 

Dqith 

Width 

Center 

Magnet 

0.1201 

0.0296 

0.569° 

81.89° 

Off 

Magnet 

0.1301 

0.0241 

0.343* 

81.78° 

On 


As  part  of  the  fitting  process,  a  technique  called  a  jack¬ 
knife  fit  (Ref.  S)  was  used  to  estimate  the  error  in  the 
fitted  parameters.  This  procedure  works  by  taking  die 
entire  data  set,  dropp^  the  first  point  and  dien 
calculating  the  fitted  parameters.  The  first  point  is  put 
back  in  the  data  set,  the  second  point  is  drqiped  and  a 
new  set  of  fitted  parameters  is  obtain^.  This 
procedure  is  rqieated  dropping  each  of  the  n  points  in 
turn  and  generating  n  sets  of  fit  parameters.  The 
uncertainty  in  the  fit  parameters  is  then  estimated  by 
taking  the  standard  deviatirm  of  the  n  sets  of  fits. 
However  a  standard  Chi  Squared  value  is  also  g«»i«TPted 
as  part  of  the  fit  and  it  was  noted  that  v’-hen  mdier  of 
two  points  (point  numbers  2  &  S,  corresponding  to 
scattering  angles  of  81.2°  and  81,5°)  were  drqiped,  the 
Chi  Squared  parameter  dropped  by  almost  a  fiwtor  of 
two  suggesting  that  dieae  points  were  outliers. 
Examination  of  Figure  5  siqiports  this  hypodieais.  The 
fits  were  repeated  excluding  these  points  and  the  of 
Table  1  were  obtained. 

The  first  line  in  Table  1  shows  the  parameters  obtained 
from  fitting  all  points  except  the  two  that  had  already 
been  identified  as  outliers.  The  lower  portion  of  the 
table  shows  the  parameters  obtained  uheo  the  point 
number  identified  in  column  1  was  dropped.  The 
second  line  in  Table  1  (labelled  ’Mean* )  represents  the 
means  for  the  parameters  shown  in  the  lower  table  and 
the  third  line  shows  the  standard  deviation  of  these 
parameters.  For  visual  comparison,  the  data  is 
presented  in  graphical  form  in  Figures  6-8.  Note  that 
no  gnqdi  is  shoira  for  the  baseline  parameter,  because 
the  differences  observed  in  this  parameter  could  be  an 
experimental  artefoct,  as  previously  described. 

Examination  of  Figures  44  nppaars  to  show  significant 
differences  between  the  *Ma^  Off  and  ’Magnet  On* 
states.  Inpsrticular  the ’Magnet  on’ data  appears  to 
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have  a  narrower  and  deeper  resonance  than  the  'Magnet 
Off  data  and  to  be  shifted  by  approximately  0.1°.  It 
is  not  known  what  causes  these  changes. 

The  total  absorption  of  the  8anq>Ie  under  the  resonance 
can  be  calculated  by  integrating  the  equation  for  the 
resonance  line  shape.  This  yields  an  expression  of  the 

r(x)  =  BATan‘(x) 

Where  the  baseline  parameter  A  has  been  arbitrarily  set 
toO. 

Calculation  of  the  integral  oyer  a  range  of  1.2°  using 
the  values  .215,  .3,  and  .172  and  .4  for  B  and  A  for 
‘Magnet  On’  and  ‘Magnet  Off  respectively,  gives  areas 
9.80  and  ro(r=9.8S,  which  are  identical  to  within 
the  experimental  uncertainties. 


3.  "Hydrogen-nitrogen  Cross  Relaxation  in 
Hexamethylenetetramine"  R.Gonano  et  al.  3rd 
Int.  NQR  Conf.,  Tampa  Florida  April  1975 

4.  "Feasibility  of  Detecting  FAA-Threat 
Quantities  of  Explosives  in  Luggage  &  Cargo 
using  Nuclear  Resonance  Absorption  in 
Nitrogen", Los  Alamos  nuclear  Laboratory, 
Advanced  Nuclear  Technology  N-2,  October 
1989 

5.  "Estimating  Error  Limits  in  Parametric  Curve 
Fitting"  M.S.  Caceci,  Anal.  Chem.  61  (20) 
1989  p  2324-2327 


5.  CONCLUSIONS 

The  data  from  these  experiments  appear  to  show  that 
there  are  significant  differences  in  the  resonant 
absorption  characteristics  in  a  magnetic  field  intensity 
selected  to  maximize  the  'H-'^N  cross-coupling  effects 
compared  to  that  in  no  applied  magnetic  field.  It  is  still 
uncertain  whether  these  effects  are  of  a  magnitude  large 
enough  to  be  practically  useful  in  the  detection  of 
explosives  in  suitcases.  It  is  also  unknown  what  the 
effects  will  be  on  teal  explosives,  on  materials  with  no 
NQR  resonance,  on  materials  with  NQR  resonance  but 
at  other  fields  or  on  materials  with  NQR  resonances 
irradiated  with  RF  at  their  resonant  frequency.  The 
various  problems  with  the  apparatus  precluded  these 
determinations  and  further  work  is  required  to  fully 
address  these  issues. 
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TABLE  1 


Magnet  Off 

Magneton 

Base 

Depth  Width 

Center 

Baae 

Depth 

Wiidlh  Center 

Fit 

1118.4 

171.79  0.398 

81.89 

1277.2 

215.43 

0.299 

81.78 

Mean 

1120.0 

173.47  0.404 

81.89 

1277.5 

216.09 

0.300 

81.78 

StdDev 

13.3 

11.30  0.0S4 

0.0126 

6.7 

7.14 

0.017 

0.0048 

Drop  Pt. 


r 

1 

1093.3 

150.43 

0.329 

81.88 

1274.6 

213.15 

0.296 

81.78 

2 

1117.1 

169.89 

0.411 

81.88 

1277.1 

215.46 

0.299 

81.78 

3 

1118.2 

171.67 

0.397 

81.89 

1281,2 

218.44 

0.322 

81.77 

4 

1118.2 

171.54 

0.397 

81.89 

1275.5 

212.25 

0.293 

81.79 

5 

1117.9 

169.65 

0.397 

81.89 

1279.3 

207.77 

0.316 

81.79 

6 

1123.7 

171.22 

0.429 

81.90 

1271.2 

227.80 

0.262 

81.78 

7 

1114.3 

171.86 

0.375 

81.89 

1277.2 

215.41 

0.300 

81.78 

8 

1118.2 

179.13 

0.382 

81.90 

1274.5 

212.87 

0.291 

81.78 

9 

1118.4 

173.02 

0.395 

81.89 

1278.2 

216.52 

o.m 

81.79 

10 

1117.4 

166.31 

0.405 

81.88 

1280.0 

216.57 

0.313 

81,79 

11 

1107.7 

162.90 

0.353 

81.87 

1278.2 

220.18 

0.282 

81.78 

12 

1120.6 

173.45 

0.408 

81.89 

1276.9 

215.02 

0.300 

81.78 

13 

1159.8 

205.07 

0.582 

81.93 

1263.7 

201.32 

0.287 

81.79 

14 

1119.1 

175.51 

0.375 

81.88 

1279.2 

217.35 

0.302 

81.78 

15 

1126.7 

181.43 

0.401 

81.88 

1296.0 

231.25 

0.334 

81.78 

16 

1129.9 

182.42 

0.426 

81.89 

337 


PROJECT  BEAM  LINE 


15°HVEC  MAGNET 
-  VALVE 


BEAU  LINE 


SLITS:  VERTICAL  &  HORIZONTAL 


-  FARADAY  CUP 

ELECTROSTATIC  DEFLECTORS 
VERTICAL  A  HORIZONTAL 


CRYOPUUP 


FIGDBE  1. 


ANALYZING  TABLE 


ncms  2. 


Gamma  2  /  Gamma  1  V.S.  Angie 
Melamine  Sample 


0.L9 


0.13 


80  80. &  8i  01.5  82  82.5  83  83.5  84 

Degrees 


'  Series  1 
FIGURE  4. 


341 


Center  til*  Absorption  Line 
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FIGOSK  6 


Depth  of  Absorption  Line 

On:  Mean  =  2I6.I  Std  Devn  -  7.1  Off:  Mean  =  173.5  Std  Devn  =  113 
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1.  INTRODUCTION 

In  March  1990,  the  FAA  Technical  Center 
established  a  Task  Force  of  independent  consultants 
to  undertake  testing  and  evaluation  of  the  TNA 
technology  as  implemented  by  SAIC  at  the  JFK 
airport.  As  a  result  of  its  work,  the  Task  Force  was 
asked  to  prepare  a  protocol  for  the  conduct  of 
operatiorul  testing  of  explosive  detection  systems 
(EDS)  for  checked  or  carry-on  airline  baggage  (bags, 
containers,  etc).  These  results,  in  part,  would  also  be 
used  to  decide  on  FAA  certification  of  bulk  explosive 
detection  systems.  This  protocol  is  specific  to  testing 
of  production  hardware,  as  opposed  to  R&D 
bras^read  board  models  or  prototype  versions  of  the 
system.  This  protocol  is  applicable  to  systems  which 
are  automated  (i.e.,  no  human  intervention  used  for 
the  detection  process)  and  for  those  systems  which  do 
not  change  the  characteristics  of  the  tested  item  as  a 
result  of  the  item  being  tested.  This  protocol  is  only 
applicable  to  systems  based  on  detectirm  of  explosives 
in  bags  via  bulk  properties  (i.e.,  vapor  detection 
systems  are  excluded).  Finally,  although  this  protocol 
was  written  to  be  applicable  for  the  detection  of 
explosives  in  bags,  much  of  it  is  af^Ucable  for  the 
d^ection  of  explosive  devices. 

Since  different  technologies  may  be  considered  in  this 
application,  the  protocol  does  not  provide  sufficiently 
detailed  plaits  and  procedure?  allow  one  to  test  and 
evaluate  any  specific  hardware  system.  However,  it 
provides  the  guidance  and  framework  to  ensure  that 
all  explosive  detection  systems,  meeting  the  above 


conditions,  will  be  tested  widi  die  same  rigid 
standards. 

For  each  application,  the  FAA  will  establish  the 
specific  threat  package  (including  size,  shape,  amount 
and  type  of  exploeive)  to  be  detected  by  the  system. 
Although  there  will  be  only  one  overall  threat 
package,  one  could  envision  (in  a  long  range  plan) 
where  technologies  could  be  appropriate  for,  or  i^ly 
to,  a  subset  of  the  threat  package  hut  not  die  t^ 
package. 

In  order  for  the  FAA  to  make  a  deciaion  on  dm 
operational  effectiveneaa  of  the  ayatem,  the  FAA  will 
n^  to  consider  the: 

•  Potential  locadoos  of  the  EDS; 

•  Fraction  of  detectkos,  f(d),  of  explosivea 
observed  in  the  opecatiooal  tead^  and 
evaluation  (QT&E)  of  the  EDS; 

•  Fraction  of  false  alanaa,  f(fii),  ohaerved; 

•  Rme  of  proceaaing  of  the  coctainerB,  R. 

The  FAA  may  also  be  interested  in  die  trade-off 
between  the  two  fractions,  especially  for  those 
lechnologiea/ayitemi  which  could  le^y  adjuR 
detecUoe  thredmldt  (thus  affecting  these  fractieos). 
Other  factors  which  may  be  conaideied  by  the  FAA 
in  detennining  the  effocttveaoss  of  the  ayatem 
include: 
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•  Reliability,  maintainability,  availability; 

•  Cost,  initial  and  annual; 

•  Significant  operational  constraints 

(environment,  manpower,  etc.); 

•  Processing  time  distribution. 

The  FAA  will  determine  when  the  test  will  take 
place,  and  will  provide  the  test  team,  which  will  be 
responsible  for  generating  the  detailed  test  plan, 
preparation  and  execution  of  the  test,  analyses  and 
evaluation  of  the  test  data,  and  finally  prepare  a 
report  on  the  findings  of  all  aspects  of  the  operational 
testing.  The  test  team  should  have  a  test  director,  and 
be  composed  of  experts  in  the  technology  being 
tested,  test  and  evaluation  plaimers,  and  analysts  who 
can  design  the  statistical  plan  and  conduct  the 
evaluation  of  the  test  results.  An  independent 
observer  should  also  be  a  member  of  the  test  team. 
The  individual  should  comment  on  all  activities 
associated  with  the  testing  and  evaluation  of  the  EDS. 

All  test  baggage  and  test  articles,  threat  explosives 
(explosives  or  simulants)  and  personnel  will  also  be 
provided  by  the  FAvV. 

Section  2  provides  some  general  requirements 
associated  with  the  operational  testing  process. 
Section  3  addresses  a  set  of  issues  that  must  be 
considered  and  specific  requirements  that  must  be 
fulfilled  prior  to  the  development  of  a  detailed 
operational  test  and  evaluation  (OT&E  )  plan.  In 
Section  4,  specific  aspects  of  the  detailed  OT&E  plan 
are  discussed.  Section  S  deals  with  issues  related  to 
the  conduct  of  the  test,  while  Section  6  discusses  the 
data  analyses  and  evaluations  of  the  test  data.  Finally, 
the  appendices  contain  the  statistical  approaches 
suggested  for  the  analyses  of  the  test  data. 

2.  GENERAL  REQUIREMENTS 

In  order  to  develop  a  specific  test  plan,  (ho  test  team 
must  consider  alt  of  the  factors  that  may;  (I)  influence 
the  conduct  of  the  lust;  (2)  bias  the  measurements 
related  to  the  detection  system  under  lest;  (3)  affect 
the  revsults  obtained  from  the  test  and/or  the  reliable 
interpretation  of  those  results.  The  test  team  mu.si 
establish  the  conditions  under  which  the  test  is  to  bo 
conducted  and  die  cbaracterislics  (i.e.,  attributes, 
variables)  of  any  bag  as  it  is  proces.scd  by  the  system. 
There  ate  a  number  of  steps  or  topics  which  must  be 
considered  before  development  of  a  final  specific  test 


plan  for  the  system  under  test.  These  may  be 
separated  into  two  groups,  general  topics  and  specific 
topics.  The  general  topics  are  discussed  in  this 
section,  rodiile  the  specitic  topics  will  be  covered  in 
the  next  section.  However,  since  this  is  a  generic 
protocol  for  a  variety  of  explosive  detection  systems 
(using  different  technologies),  there  may  be  some 
additional  factors  which  may  need  to  be  considered, 
and  the  discussions  that  follow  should  not  prevent  any 
additional  factors  from  being  included  in  the  final  test 
plan  if  those  factors  are  considered  to  be  relevant. 

2.1  Identification  of  the  Measured  Characteristics 

Once  the  system  to  be  tested  has  been  identified,  the 
set  of  chancteristics  of  the  explosives  that  will  be 
measured  in  order  to  determine  if  a  detection  has 
occurred  has  to  be  identified  and  specified.  For 
example,  for  the  TNA  system,  one  of  the  primary 
characteristics  of  the  explosive  being  measured  is  the 
nitrogen  content.  Having  done  this,  the  test  team 
must  determine  if  simulants  can  be  identified  which 
will  exactly  mimic  the  explosive  characteristics  under 
test.  This  determination  must  be  made  especially 
when  the  use  of  explosives  will  be  prohibited  in  the 
operational  test  and  evaluation  (OT&E)  of  the  system 
at  airport  facilities. 

In  addition,  any  countermeasure  techniques  to  be 
included  in  ?ho  testing  should  be  identified  prior  to 
the  test  initiation  by  the  FAA,  or  by  the  test  team  in 
consultation  with  the  FAA.  Some  systems  have 
relatively  simple  and  effective  countertneasures  which 
are  obvious,  while  others  may  not  have  any  known 
countermeasures  or  only  difficultly  applied 
countermeasures. 

2.2  Identificatioo  ttie  Set  of  Threat  Explosives 

The  sot  of  threat  explosives  (type,  shape  and  weight) 
to  be  used  in  the  OT&C  testing  mast  bo  specified  by 
the  FAA.  For  example,  the  FAA  may  include  as  part 
of  the  threat,  that  ti^iting  must  be  done  asing  2.0 
pounds  of  sheet  explosive  of  RDX/PETN  base 
(Sonitex).  The  FAA  rou.sl  also  spocilV  the  relative 
frequency  of  expected  (Kcuitcnco  for  each  item  in  the 
set  of  ibfcat  cxpio.tivas.  The  FAA  should  identify 
where  in  the  containers  the  explosives  .should  he 
placed.  For  example,  some  explosives  may  be  more 
difficult  to  detect  when  placed  on  edge,  or  along  a 
wall  of  the  container.  Some  systems  will  he  tiKirc 
sensitive  than  others  and  thus  (his  roquiremeol 
assumes  knowledge  of  the  system  characteristics. 
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23  Idcntificatiod  of  Poteotial  Bag  Populatioas 

Since  the  FAA  will  designate  u^bere  the  EDS  will  be 
located,  the  test  team  must  detennine  the 
characteristics  of  bags  typical  of  those  dial  will  be 
processed  by  the  system  when  placed  at  dK>ee 
designated  airports.  Urns,  data  must  be  collected  on 
actual  passo)]^  bags  that  will  be  processed  at  those 
iwilities.  Further,  data  may  need  to  be  collected  over 
a  sufficiently  Icmg  period  of  time  in  order  to  be  able 
to  reflect  seasonal  and  bag  destinatioQ  difierences, 
unless  that  data  is  already  available  from  odier 
sources.  The  data  base  should  cntain  observations  of 
all  the  major  characteristics  that  will  be  oteasured  by 
the  detection  system  being  tested.  This  database  will 
be  used  by  the  test  team  to  select  r^reseotative 
groups  of  test  bags,  when  required  to  do  so.  The 
actual  set  of  bags  used  for  testing  could  be:  (1)  actual 
passenger  bags;  (2)  fabricated  by  the  FAA  appointed 
team;  or,  (3)  selected  from  the  set  of  FAA  ’lost* 
bags.  Bag  selection  is  a  cnicial  topic  in  designing  a 
test  plan  which  is  fiur  and  effective.  For  afWtiooal 
information  on  bag  selection  techniques,  see 
subsection  3.1. 

2.4  Systan  Calibnitioo  and  Threshold  Settinfs 

This  protocol  was  developed  for  systems  which  are 
totally  automatic  in  their  response.  That  is,  they  are 
to  be  operator  independent.  The  manufacturer  wilt 
not  be  allowed  to  change  or  modify  the  settings  of  the 
system  once  the  lest  for  a  given  hag  population  has 
been  initiated.  Thus  the  manufacturer  should  be 
allowed  to  have  access  to  Uw  set  of  bsg  populations 
that  will  be  used  for  the  OT&E  testing  so  that  they 
can  determiite  the  asaociated  response  of  the  system 
to  the  characteristics,  and  thus  calttmate  (he  system 
and  estabUsh  the  thieabold  settings  prior  to  any 
testing  by  the  FAA.  However,  the  manufacturer 
should  not  be  given  any  details  as  to  the  relative 
frequmey  of  threat  occuireoce  and  location  of  the 
thrr^  in  the  bags,  since  it  is  the  intent  to  make  tiie 
te^  as  blind  as  possible.  Tbe  manufacturer  should 
provide  the  FAA  w^  the  complete  calibration 
protocol. 

While  tbe  manufacturer  is  establiriiing  the  threshold 
settings,  they  should  also  be  required  to  provide  tbe 
FAA  test  team  with  the  relationship  between  f(fa)  and 
f(d),  as  a  function  of  the  threshold  setting.  This  data 
should  be  made  available  prior  to  (be  OT&E  testing 
to  help  answer  tbe  ’What  IP  questions.  If  the  system 
being  tested  can  ttore  (he  basic  data  so  that,  after  tbe 
(act,  (he-  what  would  happen  to  die  ((d)  if  tbe 


threshold  was  raised  (or  knvesed)-  questka  can  be 
answered,  ffien  die  above  requimneot  on  the 
manufecturer  would  not  be  necesaary. 

2.5  Mnai#ndt«r/Coair»rtor  Participnfioii 

Although  die  teat  team  may  be  required  to  rely 
heavily  on  the  manufacturer/contractof  peraocnel  (or 
support  in  conducting  die  testing,  procedurM  dhoiskl 
be  ea^iriied  to  minimiae  die  poaiibility  ^ 
manufiKturer  could  affect  dm  resulta  of  the  testa. 
Toward  diis  end,  dm  manufecturer  may  be  required 
to  train  FAA  cboaeo  penoenel  to  qmnte  dm  system 
during  dm  test  The  pereonnel  chosen  be 

representative  of  dm  Qqwe  diat  will  be  expected  to 
operate  dm  system  if  it  is  indeed  placed  in  dm  haadt 
of  dm  airport/airiine  compeaiea. 

TestSam 

All  EDS  hardware  should  be  tested  et  either  dm 
airpmt  fecilitiee  where  they  mi^  be  loceted,  or  et  an 
FAA  dedicated  test  Bite  deeigned  to  acooTfimndate  the 
OTdtE  process.  If  dm  teeting  is  at  an  FAA  dedicated 
site,  dm  distinct  beg  population  seioples  need  to  be 
g»eratod;  however,  then  should  not  be  a  need  to  use 
limujianta  since  dm  use  of  exploeivee  should  be 
allowed.  If  dm  testing  is  conducted  at  aiiporta,  dmn 
the  bag  populatiooa  are  available  (pasBenger  bags), 
tsauBiin?  dm  tests  are  conducted  over  dm  vaiioits 
seesoos  which  might  mdueoce  dm  characteriatim  of 
dm  hags.  In  most  caaea,  dm  use  of  exploeivee  will  not 
be  acceptsble  and  simulaats  will  be  requited,  (b 
eidmr  case,  aimulaata  miy  be  needed  if  one  wants  to 
check  dm  syst«na  v4iile  Ifeqr  are  operational  at  the 
various  sirpoits.)  A  mqjor  diasdvantage  of  aiiport 
testing  is  that  dm  testing  could  uiternqpt  operate 
dm  aiiport  On  the  other  hand,  if  the  EDS  ia  to  be 
used  in  conjunction  with  ofeer  tyatema,  already  in 
place  at  dm  airport,  dmre  would  no  need  to  have 
to  provide  tbe  other  hardware  at  dm  dedicaied  site. 

All  things  taken  into  account,  dm  preferred  teM  ahe 
would  be  an  FAA  dedicated  site.  However,  at  this 
time,  dm  protocol  muai  be  written  (or  airport 
fecilitiee,  since  lealiatically,  it  would  take  aenteial 
years  to  obtain  such  a  rite,  and  in  the  interim  tbe 
only  practical  teat  sites  would  be  the  aiiporta. 

3.  SFECmC  SEQUISEMBfrrS 

Before  a  test  plan  can  be  dev^oped,  it  is  eeeewtial  to 
know  where  dm  tests  will  trice  plaoe  and  fee 
coBstiainla  that  will  be  placed  on  the  uee  of  dmata 
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during  the  tests.  The  preferred  locstion  of  the  tests 
should  be  at  the  airports  where  the  hardware  systems 
will  be  used.  Further,  it  is  preferred  that  actual 
explosives  samples  be  used  when  testing  for  the 
detection  capability  of  the  system.  Finally,  it  is 
preferred  that  actual  passenger  bags  be  used  when 
testing  for  both  the  detection  and  false  alarm 
capability  of  the  system.  Unfortunately,  it  may  not  be 
possible  to  conduct  the  operational  tests  in  the  above 
preferred  manner.  The  test  team  must  first  determine 
what  deviations  will  take  place  and  use  alternative 
methods  for  achieving  as  realistic  and  meaningful 
tests  as  possible,  given  these  deviations. 

If  the  tests  can  not  be  conducted  at  airport  facilities, 
it  most  likely  will  not  be  possible  to  use  passenger 
bags  to  test  for  the  fraction  of  false  alarms,  f(fa).  It 
may  also  be  difficult  to  address  operational 
processing  rates  of  bags  through  the  system.  If  on  the 
other  hand  the  tests  can  be  conducted  at  airport 
facilities,  then  it  may  not  be  possible  to  use  actual 
explosive  samples,  but  may  require  the  use  of 
simulants.  Under  either  situation,  the  test  team  must 
determine  the  set  of  bags  that  should  be  used  in 
testing  for  both  f(d)  and  f(fa).  The  selection  process 
will  be  ciep-ended  on  where  the  testing  will  take  place. 

In  summary,  the  three  specific  areas  that  may  have  to 
be  addressed  before  the  test  team  can  develop  the 
detailed  test  plan  for  the  conduct  of  the  OT&E  of  any 
system  are;  i)  identification  of  the  set  of  distinct  bag 
populations  that  must  be  used  in  the  OT&E  of  the 
system,  ii)  identification  and  selection  of  the  threat 
package  to  be  used  in  the  testing  of  the  system,  and 
iii)  sp^jficatioa  of  the  procedures  used  to  measure 
baggage  processing  rates. 

3.1  Ideatiflcation  of  Distinct  Bag  Populations 

One  of  the  most  important  aspects  of  the  test  plan  and 
subsequent  analyses  is  the  selection  of  the  bags  to  be 
used  for  the  tests.  These  bags  must  reflect  the  type  of 
bags  that  will  be  operationally  encountered  and 
proces.sed  by  the  system,  over  time  and  at  various 
locations.  Bags  which  are  destined  for  one  location, 
at  a  given  time  of  year  can  be  expected  to  be  packed 
with  different  items  than  bags  going  to  a  different 
location,  or  even  going  to  the  same  location,  but  at  a 
different  time  of  year.  The  contents  of  the  processed 
bags,  and  the  effect  it  will  have  on  the  measurements 
that  will  be  taken  of  the  characteristics  of  the 
explosive,  must  be  considered  in  any  test  plan. 
Toward  this  end,  the  FAA  will  specify  the 


constraints/conditions  placed  oi'  measurements 
associated  with  f(d)  and  f(fa)  determinatioris.  For 
example,  the  size  and  weight  of  test  bag  nay  be 
restricted,  their  destination  and/or  time  of  year  may 
be  specified,  etc.  One  must  first  address  the  issue  of 
the  number  of  different  populations  of  bags  which  the 
system  will  be  expected  to  process.  Different 
applications  or  situations  may  be  such  that  the 
distribution  of  the  observed  values  of  the 
characteristics  being  measured  by  the  system  will 
change  significantly  from  one  application  to  another. 
If  it  is  determined  that  these  differences  are  important 
to  the  determination  of  f(d)  and  f(fa),  then  the 
different  bag  populations  should  be  used  for  the 
OT&E  testing. 

At  this  stage  of  the  plaiming  phase,  it  is  assumed  that 
the  test  fftflm  has  identified  the  potential  set  of 
different  bag  populations.  Further,  the  test  team  has 
established  the  various  factors  which  are  significant 
in  determining  if  an  explosive  has  been  detected.  The 
test  team  now  needs  to  collect  data  to  determine  the 
final  set  of  populations  that  will  be  tested.  In  order  to 
evaluate  these  bags,  the  data  collected  should  be  the 
numerical  values  of  the  measured  characteristics,  as 
opposed  to  detect/no-detect. 

In  order  to  collect  this  data,  it  is  recommended  that 
the  system  under  consideration  be  physically  located 
at  those  airport  facilities  for  which  the  potential 
baggage  populations  can  be  observed.  For  each  of 
these  locations,  the  system  manufacturer  should  be 
informed  by  the  FAA  what  maximum  fraction  of 
false  alarms  will  be  acceptable,  so  that  the  system  can 
be  properly  calibrated  and  the  threshold  (for 
alarming)  established. 

For  each  of  the  potential  bag  populations,  the 
manufacturer  will  process  passenger  bags  from  these 
populations  and  provide  the  test  team  with  the 
observed  measurements  of  the  explosive 
characteristics  for  each  processed  passenger  bag.  A 
sufficiently  large  sample  of  processed  bags  is 
required,  so  as  to  obtain  a  reasonable  estimate  of  the 
multi-variate  frequency  di.stnbution  of  the  set  of 
characteristics  being  measured  (for  each  of  the 
populations).  At  the  same  time,  data  will  be  collected 
on  the  f(fa),  which  could  be  of  u.se  to  the 
manufacturer  in  establishing  and/or  reconfirming  the 
calibration  and  threshold  setting.  If  the  distributions 
for  one  or  more  of  the  potential  populations  are  not 
sutistically  different,  then  the  data  from  those 
populations  should  be  pooled  to  represent  one 
population.  In  this  manner,  a  new  set  of  populations 
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will  be  established  which  will  represent  the  finai  ssi 
of  populations  that  will  be  tested  during  the  OT&E. 
It  ^ould  be  mentioned  that  the  pooling  process  is  net 
rigorously  defined  and  will  require  a  coosideruble 
amount  of  judgement. 

Some  statistical  approaches  for  making  this 
determination  are  given  in  Appendix  A. 

If  it  is  not  physically  possible  to  condxt  the  testing 
at  the  airport  facilities,  then  the  test  team  must 
prepare  a  set  of  bags  ^m  each  of  the  potential  bag 
populations,  and  conduct  the  tests  at  alternative  sites. 
This  will  require  die  test  team  to  know  the  bcig 
characteristics,  as  measured  by  the  system,  for  each 
of  the  populatirms.  To  this  extent,  some  uncertainty 
will  be  introduced  into  the  OT&E  process,  sioce  the 
true  bag  populatimis  are  defined  by  S'Ctuai 
passenger  bag  populations  and  the  test  teem  is 
generating  artificial  populations,  lu  this  situation,  the 
test  team  must  attenqit  to  prepare  th^  sets  of  begs 
to  be  as  close  to  the  populations  of  interest  as 
possible. 

3.2  Identification  and  Sdecdon  of  the  Threats 

The  threat  as  specified  by  the  FAA  for  the  EDS 
should  include: 

•  type  of  explosive  (C-4,  PEfN,  etc.); 

•  minimum  quantity  (mass): 

•  shape  (bulk.  sbeet.Uuckne$s,  etc.): 

•  relative  frequency  of  use  of  each  threat; 

•  the  location  of  the  threat  in  (he  coniamer: 

•  (be  set  of  containers  to  be  uaed  (bags, 
electronic  devices,  etc.)  and  any  pertinent 
features; 

•  potential  countemHumiRS. 

As  has  been  stated  before,  any  detection  system  must 
messure  s  set  of  characteristics  associated  with  the 
expiosiveAwg  as  it  passes  through  the  system,  and 
based  on  thes$~'  measuremeAts,  decide  if  a  threat  is 
present.  In  order  to  develop  a  meaningful  test  plen, 
the  test  planners  need  to  know  the  characteristics  of 
the  explosive  that  aro  being  messured  by  the  eystsm 
and  bow  these  measurements  might  be  affected  by  the 
container  in  u^ch  (he  threat  is  {daced.  In  order  to 


select  the  ai^n^riate  groim  of  test  ba^  (udien  this 
is  required)  snd/or  j^oduce  siimilards  of  explosives 
(when  this  is  requited)  die  ftdkm’ing  needs  to  be 
established: 

•  The  charscteriitics  of  etqdosive  diat  are 
being  measured. 

•  The  bag  rehited  items  wfaidi  affe^  die 
cteacteiii^ca,  and  if  die  qrstem  readings  of 
that  du;.racteristic,  with  an  etqitoaive  in  the 
bag  are  additive  (that  is,  will  die  observed 
value  of  die  characteristic  of  as  expiooive  in 
a  bag,  be  stadatically  equal  to  the  observed 
value  of  dio  hag  plus  die  obeerved  value  of 
the  explosive  without  tbs  bag?). 

•  The  reladoflEhip  between  (he  measured 
values  of  the  characteristics  and  (he  abi^, 
weight  and  type  of  expkmve  being 
coosideted. 

•  The  distribution  of  the  observed 
measurements  on  the  characteriitici  of  dm 
explosive.  An  the  diffestnt  cbaracteristka 
rdsted  or  ifldeiicndanl  of  each  other? 

»  The  discriinisate  fonctioo  being  used  to 
assimiiate  the  chaerved  valsea  of  t^ 

chancteris^xa  into  a  detect/etHietoct 

decision.  This  wUl  be  impot^mt  to  kssw  If 
sinmhuits  vriii  be  n^nd  m  ^ 

cnr&B. 

If  Si  all  possible,  ^  OT&B  todini  be  done 
using  Ga;^(ile9  of  the  esifdCKiive  dmat*  ^Tmd  by  As 
FAA.  All  explosive  be  veri5ed  nlative 

to  type,  {^ty,  ««i^.  mi  coniiositkiB,  if 

that  ht  the  syatom  beuif 

test^  Tnii«  t?«iig  he  by  an  independaBl 

laboratory  .  of  ttmplea  of  nch  Anal 

type  is  deiarsnsod  Ae  test  deai|s,  that  »  As 
of  hags  being  proceaied  and  the 

v:aij^iUiy  of  the  measuncmats  of  the  chanctaiutka 
of  diimeot  «uxjpks  of  each  Areat  type. 

If,  however,  simulants  must  bo  lued  iasaead  of 
expkmvefi  because  the  explosivea  to  be  teatad  will  not 
be  &iiowed  at  the  airports,  Aea  it  is  importiiDt  to 
eruaae  that  the  siianlanti  Aithfuliy  npnaest  dtf 
explosivea  relative  to  the  chaiacteriitica  of  As 
explosives  that  an  measured  by  Ae  lyrtem  sad  used 
for  the  detection  prooeaa.  In  order  to  do  Aia,  each 
simalani.  npreaeotioi  a  yecific  maia  of  a  paitkniar 
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explosive,  must  be  compared  to  the  actual  toass  of 
real  explosive  material  wdtb  the  system  being  tested. 
The  simulant  and  explosive  should  both  be  in  the 
same  g^ecetrical  shape,  i.e.,  sheet  or  block. 

To  ensure  dial  the  explosives  ere  what  they  were 
purported  to  be  and  to  inspect  their  purity,  duplicate 
analyses  of  each  explosive  should  be  performed  by  an 
independent  laboratory.  Samples  for  the  analyses 
should  be  taken  from  the  explosives  imder  the 
supervision  of  the  test  team. 

Once  the  explosives  have  been  checked  and  the 
simulants  produced  (the  number  of  each  simulant  type 
should  be  determined  by  the  test  team  and  should  be 
adequate  to  ensure  that  a  sufficient  quantity  will  be 
available  for  the  OT&E  testing),  a  validation  test  is 
required  to  verify  that  the  simulants  are  faithfully 
representing  the  explosive.  Obviously,  the  validation 
testing  cannot  be  done  at  aji  airport  facility.  The 
following  outliflij:  the  -seommended  procedure  for 
the  validation  testing  of  the  simulants. 

1)  Test  Proecdurtss.  The  simulant  validation  test 
design  shoulti  be  based  on  placement  of  the  explosive 
in  bags  representative  of  the  total  set  of  f  opulation  of 
bags  being  tei  .ed,  and  recording  the  value  of  each  of 
the  characteristics  the  system  uses  in  the  detection 
process.  Using  the  same  .set  of  bags  and  rt-placing  the 
explosive  with  its  simulated  explosive  in  the  same 
kwation,  the  test  is  repeated.  Each  time,  the  explosive 
(or  simulant)  is  placed  in  the  same  location  of  tite 
hag.  Note:  if  possible,  the  selection  of  the  location 
.should  be  such  as  to  provide  high  signal-to-noi.>5e  ratio 
m  order  to  facilitate  the  explosive-, simulant 
comparison.  All  hags  .diould  be  .sampled  at  least  ten 
tiroes  with  the  cxplo-sive,  with  the  corresponding 
simulant  and  vrith  neither.  By  comparing  the  average 
and  the  variances  of  the  readings  of  lbs 
characteristics  with  cxplo.sives  in  the  hag,  with  the 
average  and  the  variances  of  the  rcading.s  of  the 
charactcristic.s  with  the  simulated  explcxsive  in  tire 
same  hag,  one  can  determine  the  validity  of  each 
simulant. 

For  example,  in  order  to  test,  say.  simulants  of  ten 
cxpkxsivc  types  identified  by  FA  A,  fifteen  hags, 
covering  the  population  range  of  the  charactcri.slies 
being  measured,  are  recommended  for  use.  Five 
empty  bags  (containing  neither  cxpkxsivc  nor 
simulant,  hut  only  the  contents  of  the  hag)  would  be 
randomly  placed  among  the  ten  lags  containing  cither 
explo-sivcs  Of  .simulants  on  every  one  of  the  major 
runs  that  are  used  to  obtain  data  on  the  explosives 


and  the  simulants.  One  purpose  of  using  the  same 
empty  bags  on  each  run  is  to  collect  data  to  evaluate 
if  the  system  has  "memory",  in  that  if  higher  values 
of  characteristics  are  being  measured  on  a  given  rxm 
(as  a  result  of  ten  bags  containing  explosives  or 
simulants)  then  the  system  might  be  reading  higher 
on  all  bags,  including  the  empties.  A  second  purpose 
is  to  collect  large  quantities  of  data  of  a  selected 
number  of  bags  to  estimate  the  variability  of  the 
measurements  from  the  selected  bag  set.  This  should 
be  used  to  reconfirm  the  bag  selection  process  for 
validation  testing  and  to  help  guide  the  test  team  in 
the  bag  selection  process  for  testing  at  an  airport 
terminal.  The  test  team  must  monitor  all  aspects  of 
the  validation  testing,  record  data  for  each  bag 
processed,  verify  the  sequencing  of  bags  through  the 
system,  place  all  explosives  and  simulants  in  the 
appropriate  bags,  and  observe  the  verification  tests  of 
each  of  the  samples  of  explosives  used  for 
comparison  against  the  simulants. 

2)  Test  Results.  The  details!  data  collected  on  each 
bag  will  be  maintained  by  the  FAA.  The  mean  value 
rnd  standard  deviation  of  the  measurements  of  the 
characteristics  for  empty  bags,  the  bags  with 
explosive  and  the  same  hags  with  the  simulated 
explosive  should  bo  recorded  and  compared.  For  each 
characteristic,  its  mean  value  for  the  bags  with  an 
explo.sivo  is  compared  to  its  mean  value  for  the  bags 
with  the  simulated  explosive  and  F-tests  and  l-tesls 
are  condUvJod.  A  priori,  the  te,st  team  should  select 
tbo  critical  region  for  both  the  F  and  t-te,st  (reject  the 
hypoUiesi,s  ()iat  the  simulant  i.s  representative  of  the 
cxpltxsivc  with  respect  to  tiio  eharaclcristics  being 
cotrsidcred).  usually  .selected  to  be  at  the  a=5* 
level. 

Ba.sed  on  this  data,  one  accepts  or  roiects  those 
.simulants  using  (he  t  test.  The  rejected  simulants  luay 
be  reworked  (if  po.ssiblo)  and  remn  through  the 
sy.stom.  This  procc,s,s  may  l>e  omlinued  in  an  atlenqrl 
to  validate  as  many  .simulants  as  possible.  For  overall 
cimfirmation,  one  can  run  an  Anal>"sis  of  Variance, 
lasting  that  the  differences  of  the  ttrean  s'aiuc  of  the 
characteristic  of  the  bag.s  with  cxplosivas  from  the 
mean  value  of  the  characteristic  of  the  bags  with 
.simulated  cxplo.sivas  wore  zero  (tlio  F-tasl,  with  the 
as.s«ci3lcd  test  of  homogeneity).  The  detailed 
statistical  approach  that  can  Ixi  u.sed  for  the  validation 
process  is  contained  in  Ap^xindix  D. 

The  validated  simulants  sliould  imnrcdiately  be  put  in 
(he  custody  of  the  test  team  who  will  (hen  deliver 
them  to  the  test  site  at  the  appropriate  time.  If  the 
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simulant  chairacteristics  can  change  over  time,  the 
simulants  should  be  revalidated  alter  appropriate  time 
periods. 

3.3  Bag  Firocessuig  Rates 

A  very  significant  afreet  of  die  operational  suitidiility 
of  the  system  is  the  average  time  required  to  process 
each  bag,  R.  If  this  time  is  excessive,  the  airlines  will 
have  difficulty  in  incorporating  the  system  so  &s  to 
not  affect  its  schedule  of  activities.  It  will  be 
necessary  to  collect  data  on  this  operationally 
important  issue,  while  conducting  the  various  tests 
associated  with  the  estimation  of  the  detection  and 
false  alarm  rates. 

The  first  time  that  operational  data  can  be  collected 
is  when  the  test  te^m  is  testing  to  determine  the  final 
set  of  bag  populations.  During  these  tests,  procedures 
should  be  established  to  ensiure  that  meaningful  data 
is  collected  on  the  time  required  to  process  the  oags 
being  tested.  It  will  be  important  to  collect  individual 
processing  times  for  each  bag,  as  opposed  to  the  total 
time  required  to  process  a  number  of  bags,  so  that 
the  mean  and  the  variance  of  the  processing  time  can 
be  determined.  The  second  time  that  operational  data 
can  be  collected  is  during  the  OT&E  tests.  It  may  be 
more  difficult  to  collect  data  at  this  time  since  more 
test  activity  is  being  conducted  (such  as  placement  of 
explosives  in  bags,  marking  bags,  etc.)  which  might 
have  an  effect  on  the  process  times.  However,  with 
care,  additional  processing  time  data  should  be 
available  from  these  tests. 

If  the  above  testing  is  conducted  at  airport  facilities, 
the  collected  processing  time  data  shoidd  be  fairly 
descriptive  of  the  operational  processing  time  of  the 
system.  If  however,  the  testing  caimot  take  place  at 
an  airport  facility,  then  the  test  team  must  set  tqi  the 
testing  fccility  to  mimic  the  airport  facilities  of 
interest.  Here  again,  some  artificiality  will  be  built 
*Qto  the  collection  of  this  data. 

Since  almost  all  of  the  operational  processing  will 
place  with  passenger  bags  (not  containing 
explosives),  the  processing  rate  data  should  be 
generated  with  that  testing  associated  with  the  false 
alarm  rate  estimation.  Toward  this  end,  processing 
time  should  be  associated  with  each  bag,  including 
the  re-processing  of  a  bag  when  an  initial  false  alarm 
has  occurred. 

The  test  team  should  record  any  malfunctiooing  of 
the  system,  unusual  processing  activity,  manual 


interference  with  the  autonaated  processing  function, 
etc.,  \^ch  should  be  rqwrted  in  the  final  repost  <m 
the  OT&E  activities. 

^jpei^ix  C  provides  the  statistical  tqsproadi  for 
analyzing  and  iqiorting  the  bag  processing  rate. 

3.4  Fire-Testing 

Prior  to  the  full  scale  (^reratiooal  testing,  the  test 
team  should  conduct  a  pie-t«st  to  determine  if  the 
system  can  naeet  die  FAA  requirements  against  a 
standard  but  limited  number  of  target  bags  randomly 
intermingled  widi  a  gtamtewl  but  limited  number  of 
normal  bags.  In  diis  manner,  the  test  team  can  pre¬ 
screen  systems  without  having  to  undergo  die 
conqilex  ritual  of  the  OT&E,  since  most  systems*  test 
results  do  not  tend  to  be  'near  misses”  and  could 
easily  be  sorted  out  in  such  a  pre-test  The  above 
stanifards  could  also  serve  as  system  cross 
comparison  set. 

4.  DEVELOPMENT  OF  THE  OT&E  FLAN 
4.1  Generaii  Factors 

At  this  point  in.  tim»,  the  test  team  should  be  aware 
of  all  fetors  that  may  iitiflueace  the  conduct  of  die 
test  as  well  as  the  measuremeots  related  to  the 
detection  process  as  implemmted  by  the  technology 
being  used  in  the  EDS  and  be  ready  to  develop  the 
OT&E.  The  following  items  address  various  factors 
that  should  be  considered  in  devdoping  the  detailed 
test  plan. 

•  The  test  design  should  be  ss  robust  as 
possible  so  as  to  lend  itself  to  studies  of  as 
many  operational  fictors  as  possible.  All 
planned  pre-  and  post-test  activities  should 
be  clearly  identified,  cs  v.sU  as  the  test 
activities,  to  til  concerned  paities-who, 
when,  how,  udiete,  why,  etc. 

•  collection  should  be  automated  (if 
possible)  and  also  manually  recorded  by 
indqwn^t  deta  collectors.  At  a  minimum, 
the  collectors  should  identify  sod  record  the 
cider  and  bag  number  of  each  bag  entering 
the  system  and  record  each  alarm  reaponae 
imd  appropriate  data.  All  nms  should  be 
numbeiod,  and  the  time  of  each  nm 
recorded.  Basically,  one  should  collect 
sufficient  data  to  be  able  to  recreate  file 
complete  time  history  associated  with  each 
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bag  and  with  each  threat.  Toward  this  end, 
the  test  team  should  consider  the  use  of 
blind  bar  gra}&  labeling  techniques,  with  all 
reading  done  by  band-held  bar  graph 
readers,  with  the  data  automatically  fed  to  a 
central  processing  unit.  All  bags,  threats  and 
countermeasure  items  should  be  bar  graph 
labeled. 

•  Test  conditions  should  be  clearly  understood 
and  agreed  to  by  the  system  operators. 
Specific  evaluation  plans,  including  all  test 
conditions,  should  be  reviewed  by  the  system 
manufacturer  and  the  system  operators.  The 
FAA  test  director  will  determine  if  the  plan 
is  complete  and  suitable  for  the  system  under 
test. 

0  If  appropriate,  the  acceptable  minimum  f(d) 
and  maximum  f(fa)  required  to  certify  the 
EDS  should  be  clearly  identified  to  the  test 
team.  All  confidence  statements  will  be  made 
at  the  95%  level. 

•  The  primary  response  variable  is  binary, 
i.e.,  detection/no  detection. 

•  How  the  bags  will  be  screened  through  the 
system  should  be  determined  including  where 
operators  will  be  required  in  this  process  and 
the  typical  time  required  to  process  a  bag,  or 
a  group  of  bags. 

•  Will  the  system  be  able  to  automatically 
adjust  the  detection  threshold  and  how? 
What  is  the  relationship  between  the  fraction 
\)f  detection,  f(d),  and  the  fraction  of  fidse 
alarms,  f(fa),  as  a  function  of  the  detection 
threshold  level?  This  relationship  will  require 
the  contractor  to  conduct  testmg  of  various 
bag  populations  while  the  threshold  is  varied. 

4.2  Data  Analysis  Flan 

The  specific  analysis  plan  should  be  developed  prior 
to  any  testing.  The  analysis  plan  must  describe  the 
data  that  will  be  required  to  be  collected  during  the 
test,  show  how  the  data  will  be  analyzed,  and  the 
statistical  tests  that  will  be  used  in  analyzing  the 
collected  data.  It  is  advisable  to  exercise  the  data 
analysis  plan  by  generating  artificial  data  and 
performing  the  analysis  on  that  data.  The  resulting 
proposed  data  collection  and  analyses  should  be  the 


prime  part  of  the  test  plan.  It  should  be  emphasized 
that  the  test  team  should  be  allowed  flexibility  in  case 
of  unanticipated  data  outcomes,  and  they  should  not 
be  rigorously  held  to  the  initial  plan.  However,  the 
initial  hypotheses  of  interest  and  the  associated 
criteria  should  not  be  changed. 

Selection  of  Test  Bags 

In  order  to  determine  the  number  and  the 
characteristics  of  the  bags  from  a  distinct  population 
of  bags  (generated  by  the  process  described  in 
Section  3),  to  be  used  in  the  testing,  it  is  assumed 
that  data  collected  on  bag  characteristics  from  that 
population  have  been  collated  so  as  to  statistically 
describe  the  multi-variate  frequency  distribution  of 
the  characteristics.  The  data  base  for  a  ^lecitic 
population  should  be  used  by  the  test  team  to  assist  in 
the  selection  of  the  actual  set  of  test  bags  that  will  be 
used  in  the  OT&E  test.  The  set  of  bags  to  be  used 
could  be  (i),  selected  from  FAA-held  "lost"  bags; 
(ii),  fabricated  by  an  FAA  appointed  team;  or  (iii), 
actual  passenger  bags.  When  non-passenger  bags 
must  be  used,  it  would  be  b^efrcial  if  the  test  team 
could  use  several  groups  of  bags,  for  each  given 
population,  each  group  representing  a  typical  set  of 
bags  for  that  population. 

For  each  of  these  different  populations,  there  are 
three  different  methods  for  selecting  bags. 

1)  Selecting  Representative  Bags  When  Non- 
Passenger  Bags  Are  Required.  For  each  of  the 
different  populations,  designated  in  Section  3,  a  set  of 
test  bags  needs  to  be  available,  which  reflect  the 
multi-variate  frequency  distribution  of  the 
characteristic  measurements  of  bags  from  that 
population.  In  this  method,  one  should  try  to  use  a 
stratified  sanqjle  of  bags  from  that  population.  For 
each  characteristic,  its  range  is  partitioned  so  that  an 
equal  frequency  of  observations  are  observed  in  each 
of  the  partitions.  This  generates  a  number  of  multi¬ 
dimensional  cells  such  that  the  marginal  frequencies 
of  occurrence  of  each  characteristic  are  equal.  Then 
the  multi-variate  frequency  in  each  cell  is  observed 
and  a  proportional  number  of  bags  are  selected  to 
represent  each  of  the  cells. 

For  example,  if  20  cells  are  established  (each  cell 
representing  5%  of  the  population  which  has  the 
multi-variate  frequency  of  the  characteristics  as 
represented  by  that  cell),  one  bag  should  be  selected 
from  each  of  the  cells,  each  bag  having  the 
characteristics  associated  with  that  cell.  This  would 
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generate  a  sample  of  20  test  bags  representative  of 
the  population.  If  a  sample  size  of  40  is  required, 
then  2  bags  should  be  selected  from  each  cell,  etc. 

If  it  is  not  possible  to  do  the  above  because,  for 
example,  the  number  of  characteristics  is  too  large  to 
allow  for  this  approach,  delete  the  least  criticsl 
characteristic  and  continue,  reducing  the  set  of 
characteristics  until  the  process  can  be  accomplished. 
The  unacco-mted-for  draracteristics  can.  Aen  be 
handled  by  statistical  techniques.  Altemativeiy, 
ensure  that  at  least  cute  bag  is  selected  for  each  of  the 
non-zero  cells,  and  then  use  the  same  statistical 
tedmiques  to  account  for  the  non-representative 
sample  of  bags. 

another  possibility  is  to  estimate  die  correlatioa 
between  variables  being  measured  and  attenqit  to 
use  a  tmnsfonnati(Mi  function  which  might  assist  in 
the  above  process. 

2)  Selecting  Bags  at  Random.  If  the  above  process  is 
not  possible,  because  of  the  large  number  of 
characteristics  or  not  having  an  understanding  of  the 
correlation  between  the  characteristics,  etc.,  one  can 
take  statistically  random  samples  from  the  population 
of  bags. 

3)  Using  Passenger  Bags.  If  the  system  is  set  up  at  an 
airport  terminal,  which  is  the  preferred  location  for 
conducting  the  OT&B  (that  terminal  handling  bags 
from  one  of  the  chosen  populations),  one  can  use 
pa'isenger  checked  bags  to  test  for  the  false  alarm  rate 
of  the  system  (as  was  discussed  in  Section  3).  To  test 
for  the  detection  rate,  one  can,  with  the  cooperation 
of  the  passengers,  use  their  bags  for  incorporating 
explosives  (or  simulants),  or  by  using  a  *Red  Team” 
to  package  bags,  with  explosives  or  simulants,  going 
to  the  same  destinations  as  the  other  passenger  bags. 
These  bags  should  be  clearly  identifiable  to  the  test 
team  (but  not  the  system  operators)  so  that  they  can 
be  retrieved  once  foey  have  been  processed.  Under 
this  approach,  the  *Red  Team”  determines  what  will 
be  placed  in  the  bag  and  where  it  will  be  located. 
This  iqiproach  will  provide  f(fa),  for  the  time  period 
being  observed,  using  actual  passenger  bags,  and  f(d) 
either  using  the  modified  passenger  bags  or  fabricated 
bags. 

The  recommended  approach  is  to  use  passeug  ?r  bags 
("Red  Team"  approach),  if  that  is  possible;  if  not  the 
second  choice  would  be  using  selected  representative 
bags. 


4.4  Number  of  Test  Bags  Reqiared 

The  number  of  observations  required  for  the  test  will 
d^ieod  on  the  values  of  the  FAA-provided  minimum 
f(d)  and  the  maximum  f(fa).  The  required  number  of 
tests  against  bags  with  explosives  vdll  vary  between 
4500*f(d)*(lf(d))and  150G0*f(d)*(l'f<d)).depeoding 
on  the  assun^ons  underiying  the  analyses  and  fte 
methodology  used  for  acceptance.  For  bags  widiout 
explosives,  one  replaces  with  f(a)  and  uses  the 
same  formula.  (See  A}^>eadix  C  for  detailed 
formulatioa  of  foe  required  sample  size  as  a  function 
of  foe  assun^ons  on  coofideiKe  statements  aad/or 
hypofoesis  testing.)  When  passenger  begs  are  not 
being  used,  it  is  recommeoded  tlud  foe  nunfoer  of 
observatioas  be  obtained  by  sampling  a  given  bag 
without  foe  explosive  and  foe  same  bag  with  foe 
explosive  threat  a  minimum  of  six  timee  each,  thus 
requiring  approximatdy  1/6  of  the  above  numbers. 
It  is  further  r»x>mmended,  that  these  bags  be  chosen 
such  that  there  are  multiple  groups  (i.e. ,  6  grotqts  of 
bags)  wfaicfo  are  each  representative  sanqrles  of  the 
population  being  considered. 

If  the  "Red  Team"  approach  is  being  used,  it  may  not 
be  possible  to  test  each  bag  with  and  without 
explosives. 

4.5  SdedioD  of  the  Number  of  Tlovat  Artidcs 

The  number  of  threat  articles  (explosives  or 
simulants)  to  be  used  for  foe  finction  of  detection 
detenninatioa  will  dqrend,  in  part,  on  foe  nunfoer  of 
bags  available  to  conduct  ^  testing.  For  each 
defoied  threat,  multiple  sauries  may  be  required  to 
facilitate  the  testing.  For  example,  if  there  are  S 
distinct  threats  (one  threat  could  be  2.5  pounds  of 
TNT),  foen,  one  might  want  4  samples  of  each  threat 
so  as  to  provide  20  test  articles,  llie  determination  of 
foe  number  of  detection  test  articles  must  be  made 
early  in  the  planning  process  if  rimulants  are 
required,  so  that  the  simulant  validation  testing  can  be 
conducted  prior  to  foe  OT&E  testing. 

5.  TEST  EXECUTION 

For  foe  purposes  of  this  sectimi,  it  is  assumed  foat  all 
parts  of  foe  previous  sections  of  this  protocol  have 
been  carried  out.  Thus  foe  test  team  has  examined 
and  learned  about  the  explosive  detection  system  to 
be  tested,  and  has  a  cotq)lete  understanding  of  all  the 
relevant  technical  issues  and  characteristics  of  the 
system.  (If  foe  test  team  does  not  folly  understand  the 
system  to  be  tested,  they  may  not  be  able  to  assure 
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the  FAA  tiiat  the  system  has  beea  adequately  tested.) 
It  is  also  assumed  thi^  the  test  team  has  access  to  the 
raw  data  as  well  as  any  processed  data  of  the  critical 
characteristics  of  the  explosives  and  the  baggage  as 
being  measured  by  the  system.  They  have  selected 
the  set  of  bags  to  be  used  in  the  testing  and 
understand  how  these  bags  r^resent  the  population  of 
bags  being  considered.  Finally,  it  is  assumed  that  the 
test  team  has  determined  the  threat  samples  to  be 
used  for  the  OT&E  testing. 

The  following  areas  should  be  considered  by  the  test 
team  in  the  execution  of  the  OT&E  testing. 

5.1  Contractor  Indepradence 

Although  the  test  team  may  be  required  to  rely 
heavily  on  the  contractor  personnel  for  support  in 
conducting  the  tests,  procedures  need  to  be 
established  to  minimize  the  possibility  that  the 
contractor  could  affect  the  results  of  the  tests. 
Toward  this  end,  at  least  one  member  of  the  test  team 
should: 

•  Participate  in  supervising  and  overseeing  all 
operations  of  each  test  including  placement 
of  threats  in  bags,  numbering  and  sequencing 
bags  through  the  tested  system,  and 
identifying  and  manually  recording  data  on 
each  bag  as  it  was  being  processed; 

•  Verify  that  any  internal  conyuter 
idaitification  system  does  not  affect  the 
measurement  system; 

•  ■  Disconnect  cooof'Uter  modems  and  any  other 

outside  manipulative  devices  to  isolate  the 
system  from  the  outside  world.  If  at  all 
possible,  the  system  manufacturer  should 
train  FAA  chosen  personnel,  who  will 
operate  the  system  during  the  test.  The 
personnel  chosen  to  operate  the  system 
should  be  representative  of  types  that  are 
expected  to  operate  the  system  when  it  is  in 
the  Held,  in  terms  of  education,  experience, 
IQ,  etc. 

5.2  System  Reprodudbilify 

During  all  test  periods,  the  test  team  should  collect 
data  on  measurement  reproducibility  by  taking 
rq)eated  measurements  of  a  controlled  bet  of  bags. 
For  example,  over  the  test  period,  a  set  of  control 
bags  should  be  repeatedly  processed  before,  during 


and  at  the  conclusion  of  each  day's  test,  in  order  to 
provide  assurance  and  documentation  that  the  system 
response  has  not  changed  signiricantly  during  the  test 
sequence.  K  tf.e  test  team  determines  that  the  system 
refuse  has  changed  over  the  testing  period,  the  test 
may  have  to  be  repeated,  unless  an  accq>table  answer 
to  why  it  occurred  can  be  provided  to  the  test  team. 

5.3  Other  Areas 

•  The  test  team  shall  directly  supervise  the 
placing,  moving  or  removing  the  threats  in 
the  bags  being  tested. 

•  The  test  team  should  control  the  threats  with 
an  established  chain-of-custody  procedure. 

•  At  the  end  of  each  day  of  the  testing,  print 
outs  of  all  test  data  should  be  collected  by 
the  test  team;  a  backup  package  should  be 
available  for  the  FAA,  and  this  data  retained 
for  possible  future  use/confirmation. 

•  AH  available  data  should  be  collected,  even 
if  some  will  not  be  used  immediately.  At  a 
minimurs.  threshold  values  and  alarm/no¬ 
alarm  readings  on  each  item  tested  should  be 
recorded.  All  parties  should  sign  off  on  the 
data  packages  each  day. 

•  The  system  manufacturer  should  be  informed 
of  all  data  requirements  (by  the  test  team)  as 
early  as  possible. 

•  Prior  to  any  testing,  dry  run  each  significant 
set  of  test  conditions,  to  insure  that  the 
system  is  ftmetioning  in  an  operational 
mode. 

•  If  possible  and  appropriate,  all  tests  and  test 
activities  should  be  video/audto  recorded. 

•  The  system  being  tested  will  be  used  as  set 
up  by  the  manufacturer,  i.e.,  there  will  be 
no  non-routine  changes  or  adjustments  made 
during  the  evaluation  testing. 

5.4  An  Example 

In  order  to  provide  a  model  that  could  be  used  for  the 
actual  testing,  the  following  is  provided.  For 
explanatory  purpose  only,  it  will  be  assumed  that  20 
threats  are  available  to  conduct  the  test.  If  passosger 
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bags  cannot  be  used,  then  it  is  suggested  that  for  each 
of  the  bag  populations,  six  groups  of  twenty  bags 
should  be  selected  to  be  representative  of  that 
population.  If  it  is  not  possible  to  "r^roduce"  the 
distribution  because  an  adequate  number  of  bags  to 
select  from  is  not  available,  one  could  correct  for  this 
discrepancy  by  using  a  statistical  weighing  process  on 
the  data  to  better  match  the  distribution. 

After  having  selected  the  six  groups  of  twenty  bags, 
randomly  order  the  bags  in  each  group  with  the  first 
group,  called  Al,  A2,  ...,  A20,  the  second  group 
called  Bl,  B2,  ...,  B20,  etc.  To  accomplish  this,  one 
can  use  a  random  number  generator,  such  as  a  table, 
and  select  a  number.  Next,  the  first  10  B  bags  are 
randomly  intermingled  with  the  first  10  A  bags  and 
the  second  10  B  bags  with  the  second  10  A  bags. 
Twenty  threats  are  then  randomly  assigned  to  the  20 
A  bags.  Each  newly  defined  group  of  ten  k  and  ten 
B  bags  are  then  processed  through  the  system.  Each 
time  the  group  of  twenty  bags  is  prwessed,  the  threat 
location  in  the  bag  is  changed  by  flipping  and/or 
twisting  the  bag;  sec  Figure  1  for  the  15  locations  in 
the  bag  and  the  9  starred  locations  that  should  be 
used.  The  threats  are  then  transferred  to  the  B  bags 
in  the  group  and  again  processed  through  the  system. 
In  this  manner,  one  is  able  to  obtain  measurements 
on  A  bags  with  threats  and  B  bags  without  and  on  B 
bags  with  threats  and  A  bags  without,  obtaining  9 
observations  on  each  bag.  One  then  moves  on  to  test 
with  C  &  D  bags  (using  the  same  process  •  replace  A 
with  C  and  B  with  D)  obtaining  9  ohservations  on 
each  combination.  Finally  one  tests  with  E  &  F  bags 
(using  the  same  process-replacing  C  with  E  and  D 
with  F)  obtaining  9  observations  on  each 
combination.  The  total  number  of  observations  on 
empty  bags  is  lOBO  while  the  number  of  observations 
on  bags  with  threats  is  1080,  with  each  threat  being 
tested  in  6  different  bags,  and  in  9  locations  in  each 
bag. 

Before  running  the  six  groups  of  twenty  bags 
through,  two  control  bags  should  be  processed 
through  the  system  10  times  (one  bag  without  a  threat 
and  the  second  bag  containing  one  of  the  threats). 
This  set  of  two  bags  should  be  processed  in  a  similar 
manner  at  various  limes  during  the  tests  and  also  at 
the  end  of  each  day.  Comparing  these  mea;  'irements 
assure  the  test  team  that  the  system  readings  are  not 
varying  over  the  duration  of  the  tests. 


6.  ANALYSIS  AND  EVALUATION  OF  OT&E 
TEST 

Once  the  OT&E  tests  have  beat  completed,  the  test 
team  will  be  required  to  prepare  a  r^rt  of  the  test 
findings.  Hie  testing  program  should  have  produced 
most  of  the  following  data  and  information: 

•  Detection  characteristics  measured; 

•  Set  of  explosives/simulants  used; 

•  Bag  populations  used,  including 
justifications; 

•  System  calibration  results; 

•  Threshold  settings  used; 

•  Number  of  bags  used  and  the  selection 
process; 

•  Simulant  validation  data,  as  appropriate; 

•  Detections  observed  data; 

•  False  alarms  observed  data; 

•  Bag  processing  rates  data. 

Using  procedures  such  as  those  presented  in  the 
appendices,  the  above  information  will  provide  the 
following: 

•  The  fraction  of  detections  observed,  for 
diffisrent  bag  populations  and  different 
threats; 

•  The  fraction  of  false  alarms  obaerved  for 
different  bag  populations; 

•  The  processing  rate  of  baggage  through  the 
EDS. 

Although  the  appendices  provide  procedures  for 
calculating  the  i^ve  three  items,  it  should  be 
understood  that  there  may  bo  modifications  to  the 
procedures  to  accommodate  different  systems 
undergoing  the  testing  and  testing  conditions.  Thus 
the  appendices  are  suggested  procedures  but  the  test 
team  hu  the  responsibility  to  correctly  apply  those 
procedures  or  to  modify  or  revise  th^  to  provide 
scientifically  correct  and  defensible  data  analysis 
methods. 
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tested  big  pofHilatiotis  aie  equally  lilcely,  stntified 
sampliag  of  the  bag  populstioas  is  used,  and  all 
threats  and  locations  teted  are  equally  likely,  then 

•  of  detecti(Mts)/(total  #  of  possible 
detections); 

•  =(#  of  fidseaiaims)/(total#  of  possible 
&lso  alarms); 

•  R= (time  required  to  process  all  bags)/(#  of 
bags  processed). 

If  any  one  of  the  above  assumptions  is  not  true,  then 
these  fractions  must  be  conqputed  for  af^sropdate 
subsets  of  the  test  date  and  these  fractimis  weighted 
to  account  for  any  differ»ices  (for  example,  if  the 
bag  populaticms  or  threats  are  not  equally  likely). 
How  this  can  be  done  is  described  in  Appendix  C.  At 
some  point  the  test  team  should  provide  a  conq>osite 
fraction  for  the  OT&E  test  for  use  by  the  FAA. 

Finally,  the  test  team  r^rt  should  contain  all  of  the 
raw  data  generated  in  the  testing,  as  well  as  die 
reduced  data,  and  include  all  of  the  detailed 
calculations  showing  the  complete  test  design  and 
how  the  results  were  obtained  fiom  the  data 
collected.  Hiis  rqmrt  should  be  sufficiently  detailed 
and  tran^Nuent  so  that  any  competent  technically 
trained  in^vidual  should  be  able  to  conqiletely  follow 
the  testing  system  and  results  to  its  logical 
conclusion. 
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APPENDIX  A:  SELECTION  OF  BAG 
POPULATIONS 

Given  that  a  set  of  potential  bag  populations  has  been 
identified  and  data  collected  on  e^h  of  these 
populations  (data  in  tenns  of  the  measurements  of  the 
characteristics  being  obtained  by  the  system  being 
tested),  the  test  team  must  determine  the  final  set  of 
populations  to  be  used.  There  are  a  variety  of 
approaches  that  can  be  used.  One  approach  would  be 
to  use  ail  of  these  populations  of  bags  and  ignore  the 
fact  that  several  of  these  populations  might  be 
statistically  the  same.  This  iqiproach  might  be 
required  if  data  cannot  be  collected  to  compare  these 
populations.  A  preferred  approach  is  to  reduce  the 
number  of  different  populations  that  need  to  be  tested 
to  a  minimutn  by  comparing  each  of  the  populations 
with  each  other  and  combining  those  tlut  are 
statistically  the  same. 

In  order  to  do  this,  one  must  be  able  to  compare  the 
bag  populations  as  defined  by  the  measures  of  the 
critical  characteristics  used  by  the  EDS  in  its  attempt 
to  detect  the  existence  of  an  explosive  threat.  Thus  an 
operational  system  must  be  placed  at  each  airport 
being  considered,  so  that  each  of  the  associated  bag 
populations  can  be  processed  thr  'ugh  the  EDS.  This 
does  not  have  to  be  done  simultaneously  so  a  single 
system  could,  if  necessary,  be  moved  from  airport  to 
airport  or  be  operated  over  different  seasons.  The 
system  should  be  recalibrated  for  each  airport/season 
so  as  to  produce  the  FAA  specified  f(fa)  for  the 
population  being  considered. 

Once  the  EDS  is  installed  and  properly  calibrated,  the 
data  base  for  the  population  should  be  developed  by 
recording  the  observed  values  of  the  characteristics, 
a{},  and  whether  or  not  a  false  alarm  has  occurred. 
This  should  be  done  for  a  large  number  of  bags  that 
are  routinely  checked  at  the  airport.  The  number  of 
bags  so  processed  should  exceed  5000  for  each 
season  of  interest.  Once  the  data  base  has  been 
developed  for  all  airports/seasons  of  interest,  one  can 
compare  the  associated  a{}  for  each  airport/season  to 
determine  if  any  of  the  populations  are  statistically 
the  same  and  hence  can  be  pooled.  A  multi-variate 
Analysis  of  Variance  can  be  used  to  test  the  null 
hypothesis  that  there  is  no  difference  between  any  of 
the  populations  as  far  as  their  multi-variate  means  are 
concerned.  Of  course,  one  must  test  for  homogeneity 
first.  If  this  hypothesis  is  accepted,  then  there  would 
only  be  one  distinct  bag  population  to  use  in  the  test. 
If,  however,  the  hypothesis  is  rejected,  then  some 
type  of  outlier,  or  cluster  analysis  technique  should 


be  used  to  determine  which  of  the  populations  should 
be  pooled  into  a  single  population.  Such  a  pooling 
procure  should  dien  be  followed  by  a  ttpttt  of  die 
Analysis  of  Variance  test.  The  combined  approach 
should  be  repeated  until  the  null  hypothesis  is 
accqited  separately  for  each  of  the  pooled 
populations. 

To  further  elaborate  on  this  procedure,  for  each  of 
the  potential  bag  populations,  one  would  generate  an 
n-dimeasicmal  set  of  cells  (ixhere  n  represents  the 
number  of  characteristics  that  are  being  measured), 
and  in  each  cell,  observe  the  frequency  of  occurrence 
of  the  bags.  Thus,  let  a{i,k}  be  the  measuremrat  of 
the  i-th  charactMistic  in  the  k-th  bag.  The  range  for 
each  of  the  characteristics  should  be  divided  into  s 
fixed  (small)  number  of  intervals,  say  n.  Let  theae 
divisions  be  designated  by  with  r=l,...,n.  Then 
the  number  of  bags  wi&  a{i,k}  between  at(r)  and 
aj(r+l)  for  all  of  the  i  divided  by  the  number  of  bags 
in  the  set,  would  represent  the  frequency  of 
'  occurrence  of  those  bags  in  the  cell  identified  by  the 
ai(r)  and  a,(r+l).  If  there  were  only  two  populations 
to  be  con^ared,  and  only  one  characteristic  being 
measured,  a  paired  con^tarison  test  of  the  two 
populations  can  be  conducted  to  determine  if  the 
sanqiles  are  statistically  the  same.  (Alteanatively,  a 
Chi-Squared  test  can  be  used  to  test  for  significant 
differences.)  However,  the  number  of  populations 
will  most  likely  exceed  two,  and  the  number  of 
characteristics  teing  measured  could  very  well  be 
larger  than  one.  In  tiiese  cases,  tiie  conqiaring  of  the 
bag  populaticns  can  be  very  difficult  and  more  exotic 
techniques  might  be  required. 
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APPENDIX  B;  VALIDATION  OF  SIMULANTS 

The  decision  to  be  made  is  whether  or  not  a  gives 
simulant  gives  a  similar  ^ough  response  to  that  givm 
by  the  real  explosive  as  far  as  system  operation  is 
concerned,  namely  detect  or  no  detect.  The 
following  testing  is  recommended  for  the  validation 
process. 

We  start  with  a  rqnesestative  group  of  J  +  Q  bags 
where  J  equals  the  number  of  different  explosive 
types  being  simulated  and  Q  r^resents  a  small 
number  of  additional  bags.  For  the  j-th  explosive 
type,  there  are  m(j)  simulants  which  need  to  be 
validated.  Here  the  m(j)  depends  on  the  OT&E  test 
design.  These  J+Q  bags  are  rrm  through  the  system 
N  times  for  each  of  the  three  conditions,  (1)  with  the 
explosive,  (2)  with  the  matching  simulants,  and  (3) 
with  neither  (to  check  on  additivity  of  the 
measurements  and  to  ensure  that  the  bag 
characteristics  have  not  changed  over  the  testing 
period).  The  explosive  and  its  matching  simulant  are 
also  placed  in  the  same  bag  in  the  same  position,  that 
position  being  where  the  measurements  of  the 
characteristics  are  considered  to  be  optimal  for 
measurement  purposes. 

The  set  of  characteristic  measurements  of  the  bag  as 
determined  by  the  system  are  the  determining 
operational  variables  used  in  the  test.  Thus  the 
primary  data  can  be  considered  as  three  matrices: 


(1) 

a{i,k} 

(2) 

a{i,E(j),k},  and 

(3) 

a{i,S(j,m),k}, 

where  (1)  is  the  observed  value  of  the  i-th 
characteristic  in  the  k-th  bag,  (2)  is  the  observed 
value  of  the  i-th  characteristic  with  explosive  type 
E(j)  in  the  k-th  bag,  and  (3)  is  the  observed  value  of 
the  i-th  characteristic  with  the  explosive  replaced  by 
the  m-th  simulant  of  the  j-th  type  explosive,  S(j>ui), 
in  the  k-th  bag.  Here, 

i=l,...,I 

j  =  l . J 

k=l,...,K=J 

m=l,...,m(j) 

The  following  process  is  reconuuended: 

(i)  Run  K+Q  bags  through  N=10  times  without 
explosives  or  simulants.  This  data  is  needed  to 
ensure  that  the  bags  being  used  are  representative  of 


the  bag  population  they  are  thought  to  be  representing 
and  to  check  for  additivity  of  the  measurements; 

(ii)  Place  the  J  explosives  in  the  IC  bags,  selecting  the 
assignment  at  random,  all  in  the  same  location,  that 
being  where  the  a{}  readings  are  expected  to  be  least 
variable.  If  appropri^,  use  the  flip\twi8t\move 
procedure,  described  above,  to  sample  the  a{}  at 
different  relative  locations  in  the  system.  Run  the 
K+Q  bags  through  N=  10  times; 

(iii)  Replace  each  of  the  J  explosives  with  a  simulant 
of  that  explosive,  S(j,m),  and  rqjeat  (ii),  continuing 
this  until  all  simulants  have  been  tested  in  bags  which 
contained  the  ^propriate  explosive; 

(iv)  At  the  beginning  of  each  new  day  of  testing  and 
at  the  end  of  the  testing,  repeat  (i). 

The  above  procedure  would  require  a  total  of 
10x(J+J+M)  passes  through  the  system,  of  bags 
containing  either  an  explosive  or  a  simulant,  with 
each  pass  providing  observations  on  the  I 
characteristics.  Here  M = m(  1 ) + m(2) + . . .  +  in(J).  In 
addition  to  the  above,  for  each  set  of  K  bags 
processed  through  the  system,  the  Q  control  bags 
should  be  randomly  located  within  the  K  bags.  These 
bags  and  the  associated  measurements  will  be  used  to 
measure  consistency  of  the  operation  of  the  system, 
over  time. 

B.l  Analyses  for  the  Validation  of  Simulants 
Let 

A{}=Ea{}/10 

be  the  mean  value  of  the  respective  reading,  taken 
over  the  10  observations  on  the  k-th  bag  and 

v(  )=E(a{}-A{}]V9 

be  the  sample  variances.  In  order  to  validate  a 
simulant,  we  are  testing  the  hypothesis  that  the 
population  mean  as  estimated  by  A{i,E(j),k}  is  equal 
to  the  population  mean  as  estimated  by  A(i,S(j,m),k}, 
given  the  populations  are  normally  distributed  with 
equal  variances.  Three  statistical  tests  can  be  used  to 
determine  if  these  samples  came  from  the  same 
distribution,  so  as  to  justify  the  validation  of  the  m-th 
simulant  of  the  j-th  type  explosive. 
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1.  The  Significance  of  the  Difference  Between  Two 
Sample  Means.  In  this  approach  only  one  bag  is  used 
for  die  testing  of  the  explosive  and  the  simulant  of 
that  explosive.  That  bag  (say  the  k-th  bag)  should 
be  randomly  assigned  for  a  given  simulant  and 
explosive  pairing. 

For  a  simulant  of  the  j-th  type  explosive,  one  now 
tests  that  A{i,S(j,m),k}=A{i,EO),k},  for  all 
m=  l,...,m(j)  and  for  all  characteristics  i= If, 
for  each  of  the  I  characteristics,  the  two  sample 
means  are  not  significanUy  different  at  the  1-a  level 
of  significance  using  the  two-sided  alternative,  we 
will  declare  the  m-th  simulant  to  be  validated,  at  the 
l-(l-a)’  level  of  significance. 

To  make  such  a  statistical  test,  one  must  first 
determine  if  the  two  observable  random  variables,  for 
each  of  the  1  characteristics,  have  equal  variances  or 
not.  To  test  this  one  uses  the  Snedecor  F  statistic 
conq>uting 

F(9,9)=V(iJ,m)/v(iJ,m). 

where  by  convention  V( )  represents  the  larger  of  the 
two  variances  and  v(  )  the  smaller  and  (9,9)  are  the 
respective  degrees  of  freedom. 

If  the  F  value  proves  to  be  not  signidcandy  different 
than  1 ,  using  once  again  the  1-ot  level  of  significance, 
one  can  pool  the  two  variances  into  a  single  variance 

v(ij,m)={9v(i,B(j))  + 

9v(i,S(i.m)l/I8 

Then  the  Student-test  statistic  is 

t(18)=(A{i,B(j),k}- 

A{i.S(j,m),k}]/ 

lv(ij,ra)*2/10]-* 

If  I  t(18)  I  <t(18  I  l-o(/2),  for  each  of  the  I 
characteristics,  the  simulant  will  be  declared  to  be 
validated  at  the  l-(l-a)'. 

If,  however,  the  F  test  of  the  two  variances  shows 
them  to  be  significantly  different,  then  the  simulant 
docs  not  exhibit  the  same  properties  as  the  explosive 
and  should  be  rejected.  In  this  validating  approach 
each  of  the  M  simulants  is  considered  indepeodeatly 
even  though  some  of  them  are  simulating  the  same 
type  of  explosive. 


2.  The  Paired  Difference  Approach.  Since  the  values 
of  a{}  come  from  the  same  bag  with  the  explosive 
and  its  matching  simulant  in  the  same  position  in  the 
bag,  it  is  natural  to  consider  the  paired  difference 
approach  to  test  the  correqxmdence  between  a 
simulant  and  the  explosive.  In  this  ^^roach,  one  uses 
the  differences 

d(ij,m}=a{i,E(j),k}- 

a{i,S^,m),k}, 

where  the  pairing  over  the  10  observations  are 
nmdomly  assigned.  The  population  of  such 
differences  has  an  expected  value,  E(d{i  j,m})»0  if 
indeed  the  m-th  simulant  futhfuUy  represented  the 
j-th  explosive  for  the  i-th  characteristic.  An 
appropriate  null  hypothesis  to  test  would  be 

H(0):  E(d(ij,m})=0, 
against  the  two-sided  alternative, 

H(l):E(d{ij.m})=HO. 

Once  again  we  could  accept  the  m-th  simulant  as 
being  validated  if  the  null  hypothesis  is  not  discarded 
at  the  o  level  of  significance  for  all  of  the  I 
characteristics.  The  test  statistic  to  use  in  making 
this  test  is: 

t(9)-D(id,m)/lv(d(iJ,m]-» 

where  D<io,m)aSd(io.m)/10,  taken  over  the  10 
samples,  and 

v(i  J) = S(d(i  J  ,m)-D(y  ,m)J*/9. 

Note  that  in  using  this  teat  we  have  loat  9  degreea  of 
freedom  and  as  a  reault  this  teat  would  be  prefened 
only  when  there  is  a  relatively  high  correlation 
between  a{i,B(j),k}  and  a{i.S(j,m),k}.  Here  again, 
each  simulant  would  be  subject  to  ita  own  validating 
decision. 

3.  The  Analysis  of  Variance  Approach.  It  abould  be 
noted  that  d(ij,m)  as  defined  above,  can  be 
considered  in  an  Analysis  of  Variance  for  each 
explosive  type  j.  The  Analysis  of  Variance  approach 
provides  a  statistical  test  of  the  composite  null 
hypothesis: 

H(0):  E(D(iJ,m)]»C.  for  aU  i  and  m 


against  the  altemstive. 


I 


H(l):  E[D(i o,m)]  ^  C,  for  some  i  or  m. 

We  test  the  above  hypothesis  by  selecting  the  level  of 
significance  o  and  assuming  homogeneous  variance, 
establish  the  critical  region  (reject  H(0))  as 

F>FiJm(j)-l.  m(j)*a-l)) 

v^iefe 

F  is  the  ratio  of  the  mean  of  the  sum  of  squares 
amoung  simulants  to  the  mean  of  the  sum  of  squares 
within  simulants. 

This  test  can  then  be  applied  for  every  one  of  the  J 
explosives.  Tests  such  as  this  are  available  on  most 
computers’  statistical  packages. 

If  the  null  hypothesis  is  accepted,  then  one  needs  to 
test  the  hypothesis  that  the  constant  C=0.  One 
approach  to  this  test  is  the  use  of  the  t-test. 

In  using  this  test  if  the  composite  null  hypothesis  is 
not  discarded  all  simulants  of  the  j-th  type  explosive 
would  be  declared  to  be  validated.  However,  if  the 
null  hypothesis  is  discarded,  none  of  the  simulants 
would  be  validated.  There  is  an  approach  that  allows 
one  to  also  examine  a  wide  variety  of  possible 
differences,  including  those  suggested  by  the  data 
itaelf.  This  test  is  based  on  the  range  of  the  m(i) 
observed  means  (we  are  looking  at  the  difference 
between  the  smaltsat  and  the  largest  observed  values). 
The  reader  is  refened  to  (qttoduction  to  Statistical 
Analysis.  Dtxon  A  Maasey,  Second  Edition,  pages 
152  to  155. 

4.  Measumoent  Additivity.  As  was  mentioned  above 
only  one  bag  is  used  to  validate  the  simulanta  of  a 
givea  explosive.  This  is  acceptable  if  the 

measurement  system  is  additive,  that  is,  if  the 
meamunmeot  of  the  characteristic  of  the  explosive 
plus  the  measurement  of  the  characteristic  of  ti^  bag, 
statistically  equals  the  measurement  of  the  explosive 
in  the  bag.  If  this  is  not  the  case,  then  the  validation 
of  the  simulcits  will  require  testing  over  a 
representative  set  of  bags,  for  each  explosive  threat. 
Hence  one  must  test  for  additivity  of  the 
measurements.  This  is  done  by  taking  measurements 
of  the  explosive  in  the  absence  of  any  background 
which  would  interfere  with  the  measurement  of  the 
characteristics  of  the  explosive.  These  measurements 
are  repeated  10  times  (as  in  the  above).  One  then 
compares  the  sum  of  sverage  reading  of  the  explosive 
and  the  average  reading  of  the  bag  (which  is 


associated  with  the  testing  of  that  explosive,  but  not 
containing  the  explosive)  with  the  average  reading  of 
the  bag  with  the  explosive.  The  above  Analysis  of 
Variance  appioach  is  suggested  for  testing  for 
additivity  of  the  measurementa. 


B.2  A  Recommended  Approach  for  Validatiiig 
Simulants 

Repeated  use  of  the  Analysis  of  Variance  ^roach 
appears  to  be  appropriate.  If  in  its  initial  use,  the  set 
of  simulants  are  not  validated,  an  individual  t-test 
should  be  run  and  the  simulant  which  differed  most 
significantly  from  its  null  hypothesis  would  be 
declared  to  be  invalidated  and  dropped  from  the 
group  of  simulants  being  tested.  The  Analysis  of 
Variance  approach  would  then  be  repeated  using  the 
reduced  group.  This  process  would  be  repeated  until 
a  final  reduced  group  of  simulants  would  be  declared 
to  be  validated.  This  is  then  repeated  for  all  of  the  J 
explosives. 


362 


APPENDIX  C:  STATICTICAL  PERFORMANCE 
TESTS 

C.l  Statistical  Analysis  Plan 

To  determine  how  best  to  measure  the  operational 
effectiveness  of  the  system  one  must  consider  the 
form  of  the  data  that  will  be  evolved  by  the  testing 
program. 

The  test  data  will  come  as  a  0,  1  vector  of 
observations  for  each  of  the  bags  as  they  are 
processed  through  the  system. 

In  this  analysis  the  operational  parameters  of  the 
system  are  Pq,  the  probability  of  the  system  detecting 
an  explosive  and  the  probability  of  the  system 
giving  an  alarm  when  no  explosive  is  present. 

Let  the  n-th  population  being  tested  be  subdivided 
into  K  categories,  each  designated  by  c„(k),  and  let 
c„(k,m)  be  the  condition  that  the  bag  in  the  k-th 
category  from  the  n-th  population  is  being  sampled 
for  the  m-th  time.  Here,  N(c„(k))  is  the  total  number 
of  times  the  bag  is  sampled. 

Let  r( )  represent  the  alarm  response  variable,r(  )=0, 
when  there  is  no  detection  and  r(  )=:  i,  when  there  is 

a  detection.  Let  r(c,(k,m),0),  m^^l . N(c,(k)),  be 

the  vector  of  responses  obtained  for  the  N(c„(k)) 
times  an  empty  bag  from  category  c,(k)  is  passed 
through  the  system,  with  k»i,...,K.  Let 
r(c„{k,m)j),  m=l,...,N(c,(k)),  bo  the  vector  of 
system  responses  for  the  N(c,(k))  tiroes  a  bag 
containing  a  j-th  type  threat  is  passed  through  the 
system,  with  1,..,J  and  k=l,...,K.  Further,  let 
tlie  estimates  of  the  detection  probabilities  of  the  j-th 
type  threat  in  bags  from  population  category  c,(k)  ami 
the  false  alarm  probabilities  of  the  bags  in  category 
c(k)  be  given  by 

I 

P(c,(k)j)=Er(c.(k),ra)J)/ 

N(c.(k)), 

(1) 

P(c,(k),0)=.Er(c,(k),m),0)/ 

N(c(k)), 

m=l,...,N(c(k)) 


The  error  variances  of  the  P( )  are  given  by 


V(?(c,(k)d))=P(c.(k)j)* 

(l-P(c,(k)J))/N(c.(k)), 

(2) 

V(P(c.(k),0))=P(c.(k),0)* 

(1-P(c.(k),0))/N(c,(k)). 

We  can  use  the  weighted  fraction  of  P(c,  )’s  to 
estimate  the  probabilities  of  detecting  the  j-th  type 
threat  and  the  probabilities  of  false  alarms  by, 

PD(c.J)=SP(c.(k)J)* 
g(c,(k)),  and 

(3) 

PpJcJ=EP(c.(k).0)* 

g(c„(k)), 

forj=l . J 

where  g(c.(k))  are  the  frequencies  of  that  c„(k} 
category  as  given  by  the  bag  distribution  for  the  n-th 
population.  The  error  variance  of  the  estimates  in  (3) 
are  given  by 

V(Po(cJ))-Eg'(c.(k))* 

V(c.(k)J).  and 

(4) 

V(PFA(cJ=Eg»(c.(k))* 

V(c.(k).0). 

j“l,...,J. 

In  order  to  provide  an  overall  measure  of 
effectiveness  of  the  system,  one  can  weight  the 
fractions  as  defined  by  (3)  by  the  weight  assigned  by 
PAA  relative  to  the  expected  frequency  of  occurrence 
of  the  j  types  of  explosive.  Hence,  the  ovonll 
fraction  of  detection  is  given  by 

(5)  P|)(0“SpD(c.J)w(i). 

vi/iU»j  =  l . J,  Ew(j)«l, 

and  the  fraction  of  false  alarms,  Pr^feJ  is  given  by 
(3).  Here  the  w())  are  the  expected  frequency  of 
occurrence  of  the  j-th  type  explosive.  The  estimate 
of  the  error  variance  for  Pd(cJ  is  given  by 

(6)  V(Po(cJ)=Ew^)V{P,Xc.d)) 

With  the  above  statistics,  techniques  are  available 
which  will  allow  the  test  team  to  determine  the 
sample  size  needed  to  provide  confidence  bands  about 
the  estimates  of  Pd(cJ  and  Pfa(cJ  or  to  test 
hypotheses  about  the  correspwiding  population 


probabilities.  The  next  section  describes  several 
approaches  to  the  determination  of  the  sample  size  N. 

1)  False  Alarm  Rate.  One  method  for  the 
determination  of  the  sample  size  is  to  use  a 
confidence  band  approach.  The  true  population  value 
of  the  false  alarm  rate,  Pfa>  can  be  estimated  by 
Pfa(0»  given  by  equation  (3)  and  the  population 
variance  estimated  by  V(Pp^(cJ)  as  given  by  equation 
(4)  in  the  above.  Then  for  large  N,  the  following 
confidence  statement  can  be  made: 

P{PpA(cJ-z(l-a/2)*V(Pp^(cJ)^ 


Pp,,(c„)+z(l-o/2)*V(Pp^(cJ)-n  = 

1-a. 

An  upper  bound  on  PpA  is  given  by 

(7)  P{Pp;,<Pp^(cJ  +  z(l-a)* 
V(pFA(cJ)''}  =  l-a 

From  (7),  if  we  replace  with  the  maximum 

acceptable  value  of  f(fa),  say  F(fa),  then,  for 
PFA(cJ<F(fa), 

(8)  P.j,  <  F(fa)+z(l-«)* 

|(F(fa)*(l-F(fa))/Ni-^ 

or 

(9)  N  <  zHl-a)*(F(fa)* 

(l-F(fa))/(Pp*-P(fa))> 

Table  I  displays  N  as  a  function  of  F(fa),  a=.05  and 
using  I  Pp*-F(fa)  |  =  .3*F(fa)*(l-F(t8))  for  the 
confidence  interval  half  width. 

Alternatively,  (7)  yields, 

PFA-PFA(0<^l-<^)nPFAW* 

(1-Pfa(cJ)/NP 

and  solving  for  N  yields 

N  S  zHl-a)*F(fa)*(l-F(fa))/ 


(Pfa-PfaW* 

and  Table  1  can  be  used  again  to  determine  the 
necessary  sample  size  for  a  given  F(fa),  a  and  the 
confidence  interval  half  width. 

In  the  above  approach,  there  is  no  attempt  to  protect 
the  decision  maker  from  making  an  error  of  the 
second  kind,  fi.  Only  the  error  of  the  first  kind,  a, 
is  specified.  An  approach  which  considers  B  in 
determining  the  sample  size  is  to  use  hypothesis 
testing.  In  this  approach  one  tests 

H(0);  PpA^Fffa)  versus 

H(l):  PFx<F(fa)-D,  D>0 

One  specifies  the  error  of  the  first  kind,  a,  and  the 
error  of  the  second  kind,  B.  Then,  under  H(0),  and 
for  a  large  sample  size,  N,  H(0)  is  rejected  when 

N'*[P,A(0-F(fa)]/[F(fa)* 

(l-F(fa)l-'<z(a), 

where  z(a)  is  the  value  of  the  normal  variate  (with 
zero  mean  and  unit  variance)  for  which  a  percent  of 
the  population  fall  below.  If  one  also  requires  that 
given  H(l)  is  true,  N  is  determined  so  that  we  would 
select  H{1)  when  H(l)  is  true,  1>B  of  the  time.  ITien 

z(l-B)==[z(a)(F(fa)* 

( 1  -F<fa))/N)'^ + D  j/l(F(fa)-D)* 

(1-F(fa)  +  D)/Nl'^ 

end  solving  this  for  N  yields 

N  =  {z(a)nF(fa)*{l‘F(fa))]‘’- 

z(l*fl)*l(F(fa).D)*(l-F(ta)  + 

D)1‘}VD’ 

Table  2  displays  N  versus  a =11  “.05,  F(fa)  and  D. 
Here  D  was  chosen  to  be  equal  to  .3'*F(fa)*(l-F(fa)). 
For  different  values  of  the  {Mrantelcrs,  one  can  use 
the  above  equation  to  calculate  N. 

This  approach  to  determining  N  is  preferred  over  the 
confidence  band  appnrach,  since  it  allows  the  tester 
to  statistically  control  both  errors  a  and  B.  It  docs, 
however,  require  a  sample  size  on  the  order  of  3.5 
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times  more  than  the  former  approach. 

2)  Detection  Rate.  The  unbiased  estimate  of  Pq  is 
given  by  equation  (5)  above.  Wifli  probability  l-a, 
the  true  value  of  Pp  will  fall  between 

Po±z(l-a/2)*V(P^-^ 

where  V(Pn)  is  given  by  equation  (6).  In  like  manner 
as  above,  the  test  team  can  again  determine  the 
sample  size  needed  when  testing  for  the  fraction  of 
detections,  by  using  either  the  confidence  band 
approach  or  the  hypothesis  testing  approach. 

An  excellent  source  for  determining  sample  sizes  is 
Hov.‘  to  Choose  the  Proper  Sample  Size.  American 
Society  for  Quality  Control  Statistics  Division, 
Milwaukee,  WI,  1988.  There  are  many  other  text¬ 
books  that  can  be  used  as  well. 

3)  Through-Put.  The  unbiased  estimate  of  the 
through-put,  R,  is  given  by  R(I)=2R(i)/l.  where  R{i) 
is  the  time  required  to  process  the  i-th  bag  and 

1 . 1.  Assuming  that  1  will  be  large,  then  with 

probability  I -a,  the  true  value  of  R  will  fall  between 

R(l}±z(l-0(/2)*s<I) 

where  s(I)  is  the  sample  standard  error  of  ‘he  R(i). 
If  one  imposes  a  ccmfidenca  interval  half  width  of 
size  r,  then  the  sample  size  needed  is  given  by 

1  -  z^l-o/2)*R<D*(l-R(l))/r“. 


Cl  Testing  for  Coosbtency  ttf  the  Operaiioa  of 
the  Systan 

Data  must  be  made  available  for  checking  the 
consistency  f'f  the  ojairation  of  the  system.  It  is 
recommended  that  lhi«  data  be  generated  through  Uk 
use  of  a  set  of  bags,  (say  T  in  pumber)  randomly 
selected,  half  coauiniog  a  representative  type  threat 
utd  (he  half  'eoqity*.  lliese  bags  are  run 
through  the  system  in  between  operational  test  runs, 
n  tinaui  at  the  initiation  of  the  t(»>l  runs  sitd  n  times 
during  .several  .selected  times  during  the  course  ot  the 
test  prograio.  For  all  of  these  runs  both  dte  main 
characteristic  measurements  and  whether  a  detection 
has  occurred  should  be  recorded. 


determine  the  Pq  and  fw  the  first  nm  of  n  and 
conridering  these  values  as  lepiesenting  the 
popukdon  probabilities  ask,  using  die  exact  approach 
for  Binomial  random  variables,  if  the  nundier  of 
'successes*  realized  in  a  subsequ^t  run  could  have 
come  from  a  Binoiaul  witji  these  values  for 
probability  of  success. 

Let  N(t,l)  be  the  number  of  alarms  realized  on  the 
t-th  tun  of  n  for  the  bagi  widi  the  threats. 
Assuming  N(t,l)>nD,  the  expected  number  of 
successes,  one  computes 

P(N(t,l))»EC,'Pfli(l-Pn)*i, 

with  the  sum  taken  over  aU  values  of  j  larger  than 
N(t,l).  If  P(N(t,l))<  1-0!,  one  can  aisume  that  the 
system  is  operating  in  an  incooaisteiit  fashion.  A 
similar  computron  could  be  run  for  the  experience 
with  the  entity  bags. 

This  test  requires  a  large  sample  size  in  order  to  have 
any  reasonable  power. 

An  additional  m^hod  would  involve  using  some  type 
of  quality  control  chart,  uaing  the  central  line  as 
p>^Pi,  and  the  Upper  and  Lower  Control  Umita  by 
Po±31Po(1'Pb)1'’.  The  successive  values  of  Pd 
could  then  be  plotted  on  the  chart  «ad  from  them  a 
conaisteacy  of  op^alioo  decisiou  made. 

Chancterirtic  mBasuremesita  are  also  available  for 
theae  oonsiateocy  check  runs.  In  an  a  postedcMi 
ftshko,  ooe  can  look  at  the  complete  set  of  data 
using  ta  Analysis  of  Vamsce  type  analycis, 
separately  for  ea^  type  bag.  For  each  bag,  Q  (tl» 
number  of  different  nma)  runs  of  n  ohservatksos  of 
a{}  will  be  availabte.  A  awlti-vtaiate  Analysis  of 
Variance  can  be  used  to  tert  that  ttie  expect^  value 
of  the  avenge  (over  n  sad  T)  reeding  of  the  i-di 
chanclemtic  U  constant  over  foe  Q  rats  end  for  all 
measured  characterisdea.  If  this  hypofoeais  is 
discarded,  then  foe  OT&E  reaulta  need  to  be  more 
carefully  analyzed  to  insure  that  foe  lack  of 
consisloDcy  is  sot  signiftcant  in  foe  otttsome  of  foe 
test  results.  If  it  is,  foeo  foe  leeft  director  must 
detereoine  if  foe  test  seeds  to  be  redooe  alter  foe 
conecdoo  for  foe  tack  of  consistency  hss  to  be  made. 


There  are  several  approaches  that  can  be  used  to 
chock  on  consistency.  One  approach  would  be  to 


TABLE  1.  SAMPLE  SIZE  USING  CONFIDENCE  BAND  APPROACH 


F(fe) 

|PpA-F(ft)l 

N 

.05 

.014 

633 

.10 

.027 

335 

1 

.038 

236 

.20 

.048 

188 

.25 

.056 

161 

.30 

.063 

143 

.35 

.068 

133 

.40 

.072 

126 

.45 

.074 

121  1 

TABLE  2.  SAMPLE  SIZE  USING  HYPOTHESIS  TESTING 


F(l«) 

pa..;  1  1.1 , 1  1 1W.IH  iiiiiiiir 

D 

N 

I 

.014 

2171 

I  10 

.027 

j  .15 

.038 

836 

1  -20 

.048 

677 

.25 

.056 

587 

.30 

.063 

533 

.35 

.068 

.40 

.072 

481  1 

.45 

.074 

474  1 

PERFORMANCE  TESTING  OF  EXPLOSIVES  AND  WEAPONS 

DETECTION  SYSTEMS 
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1.  INTRODUCTION 

Many  agencies,  all  over  the  world,  have  an  interest 
in  explosives  and  weqwns  detection  and  carry  out 
tests  on  detection  equipment.  There  is  probably  no 
single  organisation  which  can  afford  the  time  or 
resources  needed  to  evaluate  every  piece  of 
equipmrat  with  all  its  possible  uses,  but  all  can 
contribute  something  to  the  body  of  knowledge  of  this 
subject.  It  is  probably  fair  to  say  that  every  group 
working  in  this  field  knows  something  that  the  others 
do  not. 

Unfortunately,  the  exchange  of  this  information  is 
hampered  by  the  differing  approaches  these 
organisations  t|ike  towairls  piaiming  and  carrying  out 
tests,  and  sometimes,  sadly,  by  the  poor  standard  of 
some  evaluations.  The  picture  is  further  obscured 
by  the  odd  snippets  of  imforruation  which  leak  into 
the  public  domain,  unqualified  by  any  supportiug 
information  as  to  methods,  materials  used,  purpose  of 
trials  and  so  on. 

This  paper  describes  the  philosophy  and  methodology 
underlying  equipment  tests  carried  out  by  the  Home 
Office  Police  Scientific  Development  Branch,  This 
organization  carries  out,  amongst  other  things, 
development  and  testing  work  on  explosives  and 
weapons  detection  systems  on  behalf  of  three  main 
customers;  Police  Forces,  the  Prison  Service  and  the 
Department  of  Transport. 

It  describes  the  steps  in  plannirg  and  carrying  out 
trials  and  some  of  the  pitfalls  to  avoid.  It  refers  to 
past  and  current  evaluations  and  tests  for  different 
types  of  equipment  are  outlined.  The  possibility  of 
standardising  certain  tests  is  also  discussed. 

It  is  not  intended  to  suggest  that  PSDB’s  trials 
philosophy  is  better  than  anyone  else’s,  but  to 
provoke  comment  and  discussion  and  thus,  one 
hopes,  to  improve  the  exchange  of  usable 
imfbrmatioo. 


2.  WHY  DO  TRIALS? 

In  general  terms,  when  we  test  a  piece  of  explosives 
or  weapons  detection  equipment,  it  is  because  we 
want  to  know  whether  it  will  reliably  detect  the 
explosive  or  weapon  we  are  looking  for  in  the 
operational  situation  in  which  we  envisage  the 
equipment  being  deployed.  There  are  other  aims, 
however,  and,  depending  on  available  resoiuces  and 
on  what  we  already  know,  we  may  do  a  trial  for  the 
following  reasons: 

•  To  determine  whether  an  entirely  new 
detection  technique  is  useful; 

•  To  compare  similar  instruments,  or  an  old 
instrument  with  a  new  version; 

•  To  determine  whether  a  piece  of  equipment 
meets  predetermined  peiformance  standards. 

In  addition  to  the  above,  it  is  to  be  hoped  that  doing 
trials  will  increase  our  understanding  of  why  a  piece 
of  equipment  behaves  like  it  does,  and  when  it  can 
and  cannot  be  used.  This  understanding  is 
something  you  can  cake  away  riom  a  trial  and  use 
over  and  over  again  to  ptedict  roughly  the  behaviour 
of  the  equipment  in  circumstances  other  than  those  of 
the  trial. 

The  reasons  for  testing  a  piece  of  equipment  make  a 
difference  to  bow  the  trial  is  done.  If  we  are 
looking  at  a  new  technique,  we  will  do  a  fairly 
informal  set  of  trials,  bearing  in  mind  that  we  won’t 
know  exactly  how  to  use  the  equipment,  and  may 
need  to  adapt  our  test  methods  to  suit  the  technique. 
A  more  rigid  set  of  tests  may  come  later. 

To  compare  similar  instruments  we  must  be  sure  that 
all  our  tests  are  equally  applicable  to  each  system, 
and  we  may  need  a  large  number  of  tests  to  show  up 
small  differences  in  performance.  Consistency  is 
very  important  in  this  type  of  trial,  as  is  experience 
of  using  each  system. 
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Twdng  agaiiist  a  predetennined  set  of  perfomuoice 
standards  is  not  too  difficult  ioitaelf.  Ute  hard  part 
is  detemufling  the  atandaids  and  deciding  udiich  are 
more  or  teas  in^rtant  The  thing  to  avoid  is 
rejecting  equipment  whichoffers  real  benefits  because 
it  finis  to  meet  some  arbitrary  or  outdated  standard. 
For  this  reason  the  standards  need  to  be  reviewed 
regularly. 

None  of  these  things  should  be  done  without 
considering  the  requirement,  for  this  will  largely 
determine  what  kind  of  trials  you  will  do. 

3.  MATCHING  THE  TESTS  TO  THE 
REQDiPEVlEi'iT 

When  we  start  testing  a  piece  of  equipment,  we 
obviously  have  some  possible  applications  in  mind. 
We  will  also  bive  some  ideas  ateut  the  constraints 
each  fpplication  will  nvt  on  the  use  of  the  system. 
General  '^spect8  of  the  requirement  include: 

«  The  threat:  what  explosives  and  weapons  do 
we  expect  and  in  what  quantities,  and  how 
might  they  be  concealed? 

•  Operational  constraints:  portability, 
eovirmunent,  ease  of  ease  so  on; 

•  Throughput  and  ^wed  of  reeqxxiae; 

•  Acc^table  false  alarm  rate:  This  depends 
on  what  the  user  will  do  when  an  alarm 
occurs  and  how  much  disruption  will  be 
caused; 

•  Safety:  many  systems  have  radiological  or 
other  hazards  which  may  restrict  their  uae. 

To  give  an  example:  for  screening  aircraft  hold 
baggage  the  detection  system  must  be  capable  of 
screening  the  bags  in  a  limited  time.  It  may  have  to 
be  capable  of  doing  this  without  opening  the  bags, 
and  to  both  detect  a  siaall  amount  of  explosivea  ud 
to  have  a  low  felse  alarm  rate.  The  user  may  idso 
feel  that  only,  say,  plastic  explosives  are  a  threat. 

Some  of  these  constraints  could  be  got  around  by 
changing  operational  procedurea  -  throughput  could 
be  increased  by  using  more  systems;  screening  could 
be  done  at  check-in  and  bags  could  be  opened  -  but 
some,  like  detection  capability  and  false  alarm  rate, 
depend  mostly  on  the  detection  system  itself  so  these 
are  the  main  things  we  would  want  to  test. 


Throughput  we  could  measure  easily  but  we  UMt 
also  detenobe  wiietber  changing  throughput  affects 
detection.  We  aqr  ako  have  to  detanoiBe  vkdiether 
.q>eniag  bags  affects  oar  datactkn  capability. 

Essentially,  we  must  measure  the  detoctioo  and  fidse 
alarm  performance  of  the  system  in  the  situation  in 
which  it  is  likely  to  be  used,  and  relate  the  test  to  a 
realistic  threat,  but  keqp  in  mind  the  variations  which 
may  be  made  in  operating  procedures,  and  how  these 
may  alter  performance. 

It  is  very  important  to  crmsult  the  proipective  users 
about  dda,  and  naybe  become  involved  in  some  of 
dieir  opcratiaiia.  Thia  will  lead  rqiidly  to  an 
appreciation  of  odiat  can  and  can't  te  done 
operatiooally. 


4.  DEVISING  A  TEST  PROTOCOL 

By  a  protocol,  I  mean  a  wiitten-down  plan  of  udiat 
tests  we  are  going  to  do  and  why.  The  protocol  is 
not  a  completely  inflexible  document.  It  can  be 
discusaed  with  interested  parties  and  may  be  altered 
as  a  result,  or  it  may  be  altered  after  fee  firet  few 
tests.  Any  changes,  howeviMr,  diould  be  made  for  a 
good  reaaoo  and  properly  recorded. 

At  PSDB  we  have  devised  a  generalised  protocol  on 
which  to  base  all  othera.  This  divides  fee  triak  into 
three  stages: 

1.  Laboratory  teats.  Theae  measure  fundaaaMkl 
parameters  like  seoaifivity  and  crude  aekctivity. 

2.  Semi-realistic  tests.  Attenq)ting  to  datoct  tha 
weapon  or  explosives  in  a  realistic  situation,  but  wife 
no  attoiupt  to  simulate  operational  conditions,  or  to 
do  blind  teats. 

3.  A  huge  scale  Mind  teat  in  ^afeich  an  opaiation  is 
simulated,  and  felse  alarm  rates  and/or  detoctioo  lake 
are  measured. 

After  any  stage  fee  teats  may  be  curtailed  for  a 
variety  of  reasons.  The  syatem  may  not  porfiwm  well 
enou^  in  the  laboratory,  or  we  may  decide  we  know 
enough  to  aeosibly  relate  its  pcufoimance  to  an 
existing  system.  The  last  stage  is  much  more 
con^licat^  and  difficult  to  set  up  than  fee  others,  eo 
it  may  be  left  until  several  similar  systems  can  be 
tested  together  or  until  feults  found  in  the  first  two 
stages  have  been  corrected. 


We  would  nortoally  pass  the  protocol  to  the  pot^tial 
user  of  the  equipment  and  to  the  manufacturers  for 
comment.  We  may  then  revise  the  protocol  in  the 
light  of  these  comments.  This  part  of  the  process  is 
very  important  The  users  will  have  dieir  own 
questicMUi  about  a  system,  and  we  want  to  make  sure 
that  these  are  addressed  in  our  trial.  The 
manufacturer  knows  how  his  instrument  should  be 
used,  and  can  often  tell  us  how  to  get  the  best  out  of 
it. 

Full  crmsultation  at  this  stage  largely  allays  the 
mutual  su^icion  which  sometimes  develops  between 
manufacturers  who  think  that  their  equipment  is  being 
irnfairly  tested  and  testing  agencies  who  think 
something  is  being  hidden  from  them.  Not  that  the 
manu&cturers  should  dictate  the  tests,  of  course,  but 
if  there  is  to  be  any  argument,  it  is  better  to  have  it 
before  going  to  all  the  trouble  of  doing  the  trials. 

So,  having  agreed  our  protocol  (remembering  that  we 
can  still  vary  it,  with  consultation,  after  we  start  the 
trials)  we  now  have  to  carry  out  the  tests.  The  first 
two  stages  whilst  important  and  often  complicated, 
consist  of  fairly  obvious  tests,  and  it  is  not  proposed 
that  they  be  discussed  in  detail  here.  Blind  tests  and 
simulated  operations  are,  perhaps,  more  difficult  to 
do  and  so  some  comments  on  their  more  general 
aspects  may  be  worthwhile. 

5.  BLIND  TRIALS  AND  OPERATIONAL 
SIMULATIONS 

Blind  operational  simulations  can  provide  an  excellent 
overview  of  a  detection  system’s  capabilities  in  a 
realistic  scenario,  but  they  are  complicated  and 
difficult  to  do.  The  difficulty  is  in  organising  a 
fairly  big  event,  with  lots  of  people  and  equipment 
involved,  often  at  a  venue  remote  from  the 
laboratory,  sometimes  with  large  quantities  of 
explosives  (or  even  viable  explosive  devices)  around 
and  with  considerations  of  safety,  security  and 
commercial  confidentiality  and  so  on  and  yet  still 
preserve  the  scientific  integrity  of  tlte  trial. 

The  scientific  requirements  of  the  trial  include  the 
following: 

•  The  trial  should  simulate  as  closely  as 
possible  an  operational  scenario; 

•  A  large  number  of  individual  searches  will 
need  to  be  done  fur  statistical  reasons; 


•  The  trial  should  be  blind  -equipment 
operators  should  not  know,  or  be  given  any 
chance  of  finding  out,  where  the  target  items 
are; 

•  Die  number  of  variables  should  be  limited, 
since  more  variables  mean  even  more 
searches; 

•  The  targets  must  be  made  and  concealed  in 
a  realistic  way; 

•  The  detection  systems  under  test  must  be 
used  properly. 

Die  organisation  of  the  trial  must  be  carried  out  with 
these  considerations  to  the  fore.  A  good  idea  is  to 
appoint  a  trials  director.  The  trails  director  should  be 
a  person  who  is  thoroughly  conversant  with  the 
equipment  imder  test  and  familiar  with  explosives  and 
weapons  detection  generally.  They  should 
preferably  have  been  involved  with  stages  1  and  2  of 
the  testing  programme.  The  director  needs  to  devise 
the  protocol,  discuss  it  with  interested  parties  and 
organise  and  supervise  the  trial  itself.  They  should 
therefore  be  given  the  freedom  to  negotiate  with  the 
users,  manufacturers  and  the  providers  of  the  venue 
and  helpers.  The  director  has  to  be  sure,  before  the 
trial  begins,  that  all  the  scientific  criteria  above  are 
met  and  that  everyone  involved  knows  what  they  are 
doing.  Often,  non-scientific  staff  will  not  understand 
all  the  requirements,  so  they  must  be  thoroughly 
briefed  and  allowed  to  discuss  their  rdlo  before  the 
trial  begins. 

The  first  thing  to  be  sorted  out  is  usually  the  venue. 
Diere  needs  to  be  room  to  accommodate  all  the 
equipment  involved,  and  operators,  experimental 
subjects,  baggage  or  whatever.  If  vapour  or  trace 
detection  equipment  is  being  tested  the  venue  must  be 
free  from  explosives  vapours  or  traces,  so  civilian 
premises  may  bo  preferred. 

Helpers  and  possibly  experimental  subjects  may  need 
to  bo  found,  cad  all  must  be  briefed.  In  cases  where 
cross  contamination  is  a  problem,  they  must  nut  be 
allowed  to  contaminate  one  another.  If  some 
subjects  are  carrying  target  materials  they  should  not 
know  this  in  ca.se  they  communicate  this  knowledge 
to  the  equipment  operators.  Substitute  materials 
could  be  given  to  some  subjects  so  that  everyone  is 
carrying  something. 
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A  system  of  keeping  records  must  be  devised.  Two 
sqMTSte  records  are  needed,  with  some  way  of  tying 
them  up.  We  need  to  record,  firstly,  vdiete  dre 
targets  were  placed  and,  secondly,  where  instrument 
reqxxises  occurred.  Incidental  details  and  comments 
may  also  be  needed.  At  PSDB  we  favour  using 
forms  which  have  ^Mces  for  each  piece  of 
information.  For  example,  fig.  1  shows  a  form  used 
for  recording  EGIS  responses  on  a  train.  Each 
carriage  was  divided  up  into  search  areas  with  one 
sample  per  area  and  these  areas  are  shown  on  die 
diagram  at  the  top  right.  The  vehicle  number  (all 
railway  rolling  stock  is  numbered)  is  recorded  by  the 
searcher  alcmg  with  the  search  area  and  a  description 
of  the  area  is  included  in  case  of  error.  The  searcher 
also  records  start  and  finish  time  and  any  comments. 
The  form  then  accompanies  the  sample  back  to  EOIS 
where  the  analysis  results  are  recorded  at  the  bottom. 

Other  aids  to  record  keeping  include  video  (essential 
with  baggage  X-Ray  machines)  and  computers. 
Checks  should  always  be  included  so  that  one  type  of 
record  does  not  get  out  of  step  with  another.  Where 
live  explosives  or  weapons  are  used  record  keeping 
should  be  designed  to  ensure  that  all  of  them  are 
returned  at  the  end! 

The  movement  of  people,  bags  equipment  and  so  on 
through  the  trial  area  may  need  to  bo  controlled  to 
prevent  cross-contamination  or  to  prevent  the 
'blindness'  of  the  trial  from  being  compromised.  If 
several  detectors  are  being  tested  together  they  should 
be  arranged  so  that  operators  of  one  system  cannot 
see  the  others.  In  some  cases  it  should  be 
remembered  that  use  of  two  systems  one  after  another 
may  not  be  practical,  since  one  search  may  affect 
subsequent  tests  (for  example,  using  a  particulate 
sampling  system  on  a  bag  will  reduce  the  number  of 
particles  available  for  subsequent  tests,  or  may 
introduce  cootaminalion). 

Sampled  of  target  materials  used  in  the  trial  should  be 
in  good  condition.  Explosives  especially  tend  to 
cross-contaminate  (EGDN  is  the  usual  contaminaat) 
so  the  purity  of  samples  should  bo  checked  before  the 
trial.  Equipment  used  for  checking  purity  ihould  be 
at  least  as  sensitive  to  the  contaminant  aa  the 
equipment  under  test.  For  vapour  detectors,  it  is  (he 
purity  of  the  vapour  from  the  explosive  that  counts, 
rather  than  the  exploaive  itself.  An  alternative 
approach  is  to  get  the  explosives  straight  from  the 
factory  and  isolate  them  from  possible  contaminaDts. 
Non-volatile  explosives  tend  to  contaminate  other 
itema  through  physical  contact.  Aa  a  precaution,  we 


tend  to  assume  diat  all  our  equipment,  staff  and 
labofttoiiea  aie  contaminated  in  this  way.  The  best 
way  to  limit  fiudier  contaminatimi  is  for  all  persons 
not  meant  to  be  placiiiff  eqilosives  to  wear  di^iosable 
coveralls,  gloves  and  oveishoea  and  to  change  them 
regularly. 

The  director  riiould  be  convinced  that  all  these  details 
have  been  fully  worked  out  before  the  trial.  If 
mistakes  are  diacoveied  on  the  day  it  may  be  too  late 
to  do  anything  about  diem. 

The  usual  approach  to  a  simulated  operational  trial  is 
to  measure  the  detection  disability  and  false  alarm 
rate  at  the  same  dme,  in  the  same  conditioiu.  For 
some  types  of  instrument,  like  particulate  explosives 
detectors  vihere  cross  ctmtamination  is  a  problem, 
this  may  be  very  difficult  A  possible  alternative 
iqspioach  is  to  determine  the  ddecrirm  capability  in 
the  laboratory  and  then  to  meaaure  the  filse  alarm 
rate  in  operational  conditions.  It  ia  very  important 
that  seai^  technirpiea  uaed  in  the  laboratory  are 
reproduced  in  the  field  and  that  the  calibniion  of  the 
instrument  is  not  changed. 

To  summariae,  then,  operatiooal  simulatiooa  are 
complicated  and  expenaive.  To  get  the  moat  out  of 
our  investment  to  time  and  reeourcea,  a  thorough 
understanding  of  the  inatnunents  we  are  testing, 
coupled  with  mottcuksus  planning,  are  esaaoUat. 

6.  USE  AND  ABUSE  OF  RESULTS 

The  result  of  each  stage  of  our  trials  should  tell  us 
the  things  we  set  out  to  discover.  We  can  use  them 
to  decide  whether  a  detection  ayriem  is  useful, 
whether  it  needs  improvement  or  whalevd', 
depending  on  bow  we  deaigaed  the  testa.  The  same 
results  can  also  be  talma  out  of  context  and  obccure 
the  truth  about  a  syeteu.  Thia  is  especially  likely  to 
bappea  with  the  results  of  large  scale  ftatd  trials  sod 
blind  teats,  perhaps  because  they  are  difficult  to  set 
up  and  to  repeal,  so  the  results  are  quoted  more 
widely  aud  with  k«  qualification  than  they  should 
be. 

An  important  point  about  these  large  Idind  trials  is 
that,  whilst  they  are  a  very  good  way  of  measuring 
fxlM  alarm  rates,  they  do  not  always  provide  as  much 
information  about  detection  capability  hs  we  would 
like.  This  is  because  often,  in  setting  tqi  a  trial  of 
this  sort  we  mike  impUcit  assumptions  about  the 
tefTorista  and  tbeir  methorb.  A  good  example  it  the 
testing  of  baggage  X-Ray  aystema.  Suppose  we 


make  20  dummy  booibs,  put  them  into  packed  bag8» 
mix  them  with  100  other  bags  and  then  put  them 
through  an  X-Ray  machine.  The  operator  spots  15 
of  diem.  Does  this  mean  that  the  probability  of 
detecting  a  terrorist  bomb  is  about  75  %? 

No! 

Ignoring  for  a  moment  the  human  factors  (if  you  tell 
an  operator  you  are  putting  bombs  through  he  may 
pay  more  attention  or  be  more  cautious  than  usual) 
there  is  an  assumption  built  into  this  test  that  our 
bombs  are  typical  of  the  terrorists’.  Some  bombs 
are  more  easily  ^tted  than  others  and  we  will 
probably  have  used  a  variety  of  types.  We  do  not 
know  that  the  distribution  of  ’ease  of  identidcatioa’ 
of  our  bombs  is  typical  of  what  terrorists  will 
produce.  The  database  of  real  bombs  (in  aircraft 
baggage)  is  too  small  to  tell  us  much.  A  terrorist 
knowing  that  his  woric  is  to  be  X-Rayed  may  well 
produce  only  well-disguised  bombs,  which  may  all 
resemble  the  25  %  that  we  missed. 

The  point  of  this  is  that  the  figure  of  75  %  is  perfectly 
good  for  comparing  the  system  with  similar  X-Ray 
systems,  tested  under  similar  conditions  with  the 
same  set  of  dummy  bombs.  It  cannot,  though,  be 
used  to  compare  an  X-Ray  system  with,  say,  a 
v^KMir  detector,  because  the  performance  of  a  v^xmr 
detector  is  affected  by  a  completely  diffeieot  set  of 
constraints. 

This  leads  to  the  unfortunate  ctmclusion  that  the 
often-used  term  ’probability  of  detection'  is 
meattingless  when  unsupported  by  details  of  trials 
methods,  or  for  comparing  different  kinds  of 
detection  system.  The  peiformaoce  of  complicated 
syateim  caimot  be  reduced  to  a  few  percentages.  A 
far  deeper  uodersUnding  is  required. 

At  PSDB  we  usually  give  the  manufacturers  full 
detaila  of  trials  methcMis  and  results,  excluding,  of 
course,  information  on  competitors'  systems.  There 
is  seldom  any  good  reason  why  this  cannot  be  done, 
provided  it  is  made  clear  that  the  information  is  not 
given  to  third  parties  without  permission  and  also  that 
parts  of  the  report  (ftio  good  parts)  are  not  taken  out 
of  context. 

In  general,  testers  should  be  aware  of  the  uses  whkb 
may  be  mads  of  their  results  and  guard  against  both 
possible  uoiutboriaed  diaclosure  and  simply  reading 
things  into  the  results  wdiich  are  not  tfuire. 


7.  SOME  EXAMPLES 

Below  are  some  examples  of  different  detection 
systems,  with  some  ideas  as  to  what  can  be  measured 
in  each  case. 

7.1  Vapour  and  Trace  Detectors 

Stage  1.  Sensitivity  of  analytical  system,  efficiency  of 
sampling,  effect  of  inq)urities  and  dirt  in  sample, 
effect  of  commonplace  chemicals 

Stage  2.  Can  explosives  of  various  types  be  detected 
in  baggage,  in  electrical  devices,  in  cupboards,  cars? 
Are  they  detected  by  sampling  vapours  or  particles? 
How  is  this  best  done?  Effect  of  handling 
explosives,  wrapping  etc. 

Stage  3.  False  alarm  rates  in  specified  situations. 
Detection  capability  for  specified  explosives  and 
concealment  methods,  but  this  may  be  difficult  to  do 
and  of  limited  value. 

The  main  difficulty  in  testing  vapour  and  trace 
detectors  is  cross-contamiiuition.  Explosives  samples 
may  be  contamiiuUed  with  other  explosives  (notably 
EGDN)  and  supposedly  ’clean’  objects  and  places 
may  be  contaminated  with  particles  of  explosives. 
Extreme  precautions  may  need  to  be  taken  to  avoid 
contamination,  arul  false  alarms  should  be  checked  to 
ensure  that  they  are  really  false. 

7.2  Bulk  Defectors 

Stage  1.  Req)oa5e  to  various  masses  of  different 
explosives,  respouse  to  other  materials,  screening 
effects  of  various  materials,  variation  in  response 
with  target  distance  or  position,  radiological  safety. 

Stage  2.  £>eteclion  in  realistic  situations  (e.g.  in 
packed  baggage,  behind  wails  etc.) 

Stage  3.  BImd  trial  to  distinguish,  say,  bags  with 
explosives  or  rimulanls  in  from  'normal*  bags. 
Measure  dcttr;K>N  j'sts'  .*3»d  false  alarm  rate.  Also 
need  to  tost  effect  of  poattion  and  site  and  shape  of 
explosives. 

Difficulties  in  testing  bulk  detectors  for  baggage 
include: 

i.  FonnuUting  realistic  explosives  simulants,  u  large 
quantities  of  exptocivea  would  otherwise  need  to  be 
used. 
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ii.  Getting  enough  begs  to  do  the  blind  trial. 
belonging  to  the  general  public  can  often  only  be 
used  as  blanks,  so  the  ’live’  bags  must  be  acquired 
and  packed  specially.  The  packing  has  to  lesradile 
real  bags  as  closely  as  possible,  and  for  a  large  scale 
trial  this  can  be  difficult.  (Think  of  what  you 
normally  pack  on  a  foreign  trip,  multiply  it  by  100  or 
so  and  imagine  the  amount  of  trouble  involved  in 
acquiring  it  all). 

7.3  X-Ray  Machines 

Stage  1.  Resolution,  imaging  of  fine  wires, 
penetration  (amount  of  material  which  can  be 
interposed  between  the  source  and  the  object  of 
interest  without  obscuring  the  object),  discriminadon 
between  materials,  radiological  safety,  effect  on 
photographic  materials  and  magnetic  media. 

Stage  2.  Visibility  of  various  items  in  baggage,  effiect 
of  overlap 

Stage  3.  Blind  trial  with  bags  having  weapons  or 
bombs  mixed  with  ’normal’  bags  to  determine 
number  of  detections  and  number  of  £rise  alarms. 
Operator  comments. 

It  is  important  to  X-Ray  trials  to  remember  that  their 
performance  depends  on  the  operators.  Operators 
should  not  only  be  experienced  in  X-Ray 
ioterpretati(Mi  generally  but  should  tiave  training  and 
experience  on  the  actual  system  under  test  (for 
instance,  cqterators  used  to  monochrome  may  take 
some  time  to  adapt  to  colour  and  use  it  effectively. 
In  our  tests,  operators  were  actively  hostile  to  dual 
energy  systems  but  still  produced  better  results  than 
with  nwiiochrome).  It  can  be  difficult  to  decide 
what  objects  to  put  to  the  bags  and  how  many  of  each 
type  to  use,  b^ng  in  miud  that  more  variables 
inevitably  mean  a  bigger  trial. 

Wc  may  wish  to  distinguish  genuioe  detections  - 
where  the  operator  tpots  the  weapon  or  bomb  -  from 
those  where  the  operator  rejects  a  bag  for  some  other 
reason  and  does  not  spot  the  weapon  in  it.  This 
cannot  usually  be  done  with  noo-X  ray  systems,  b^ 
it  provides  useful  information. 

7.4  hfeUl  Detecting  Doorway 

Stage  1.  Reqnnse  to  standard  test  objects  (metal 
rings,  blocks  of  various  metals,  weapons)  in  different 
positions  and  oiitstatioos  and  at  differeia  speeds. 


Blectromagoetic  interfawnce.  Otbo'  eaviramnsotal 
fecton. 

Stage  2.  Requuse  to  objects  carried  on  the  person, 
with  and  without  ’legitiniate’  metal  items  (keys,  pens, 
watches). 

Stage  3.  Trial  to  detonntae  felse  alarm  rate.  The 
doorway  is  set  Id  a  Mosilivify  setting  determined  after 
stages  1  and  2. 

Testing  metal  detecting  doorways  may  be  complicated 
by  the  large  number  of  adjuatmeata  available  on  some 
instruments.  One  way  around  this  is  to  q;)ecify  some 
sinqtle  detection  criteria  and  ask  the  manufacturers  to 
set  the  mstrument  up  to  meet  these.  We  now  have  a 
detailed  general  teat  protocol  for  metal  detecting 
doorways. 

8.  CTANDARD  TESTS  AND  SHARING  OF 
RESULTS 

So,  what  about  standardiaing  all  our  teat  medtoda  ao 
that  we  can  all  teat  different  inttniments  and  then 
swap  the  data?  1  do  not  think  this  is  posaitde  for  all 
the  types  of  detection  systema  around.  To  fully  test 
a  detMtion  system  u  described  above  ia  coapliaded, 
and  the  test  methods  depend  on  both  the  system  itself 
and  on  the  requirement.  Itowever,  some  tests  will 
always  be  the  same  for  (ottsin  types  of  equipment, 
and  thew  tests  can  form  the  basis  of  information 
exchange.  For  initawo,  the  aeositivity  of  vapour 
detection  aystemt  is  a  useful  indicator  of 
perfonnance,  as  ia  the  rseolotion  of  an  X-Ray 
machine.  There  ia  probably  scope  for  staodardisatioo 
of  tests  of  things  like  archway  metal  detecton,  rinoe 
they  have  been  around  for  a  long  time  and  aQ  do 
roughly  the  same  thiag.  The  ICAO  laggiAg 
prognunme  prodorod  some  standard  tern  procedum 
for  vapour  detectors,  which  deserve  conaidaration. 
It  is  imporuot,  however,  that  it  ia  the  teat  method 
and  the  presentatioe  results  ^  is  standardised  and 
not  the  intmpreiation  of  the  tendta.  Only  the  user 
can  decide  whether  an  ittitn»iiMot  fits  their 
requirement. 

For  those  detection  systema  which  do  not  lend 
themseives  so  readily  to  atandsrdiacd  teats  the  answer 
is  probably  to  be  mote  specific  when  sharing 
tnfennation.  If  a  figure  needs  qualificstion,  we 
should  qualify  it.  If  our  test  prooedurea  are 
unconventional,  we  rftould  explain  thm.  This  is  not 
slways  easy.  No-one  wants  to  wail  mootha  for  full, 
depaitmentally  aanetkoed,  floaty  covered,  fully 
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illustrated  rqxnts,  but  there  must  be  a  middle  ground 
betweeu  diis  and  the  cursory  "we  tested  it  and  it  was 
very  good/bad*.  A  clear  statement  of  what  was 
tested,  how  it  was  done  and  what  the  results  were  is 
what  we  need. 

9.  CONCLUSION 

The  useful  exchange  of  performance  data  depends  on 
the  understanding  of  the  differing  aims  and 
approaches  of  the  testing  agencies  involved.  It  also 
dq>ends  cm  those  agencies  building  their  own 
credibility  by  carrying  out  well  planned  tests, 
presenting  results  in  a  useful  way,  with  the  limitatioos 
of  the  tests  made  clear,  and  by  openness  with  others 
working  in  the  same  field.  I  have  endeavoured  to 
explain  our  aims  and  our  am»oach  and,  I 
enhance  our  credibility  «  liUle. 
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Fig.  1  Example  of  Trial  Record  Fprm 
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1.  INTRODUCTION 

The  critical  need  for  effective  explosive  detection 
capabilities  in  support  of  aviation  security  has 
stimulated  the  research  and  development  of  a  variety 
of  potentially  applicable  technologies.  Prior  to  any 
nqajor  investment  in  the  acquisition  of  equipment  for 
actual  deployment,  however,  each  candidate 
technology  (or  combination  thereof)  should  be 
subjected  to  t^t  and  evaluation  (T&E)  in  an 
operationally  realistic  setting  adequate  to  verify  its 
effectiveness  and  suitability.  A  framework  for  the 
objective  approach  to  this  testing  and  evaluation 
should  promote  test  requirements  definitioo,  test 
concept  development,  test  design,  technical  and 
operational  test  plaimiog,  test  instrumentation  and 
facilities,  the  role  of  modelling  and  simulation  in 
support  of  test  and  evaluation,  test  conduct  and 
monitoring,  data  collection,  reduction,  processing  and 
anaijrsis,  and  assessment  of  results  adequate  to 
determine  *How  much  testing  is  enough?*,  the  most 
difftcuit  question  in  the  relationship  between  T&E 
and  acquisition  or  deployment.  The  costs  of  lest  and 
evaluation,  particularly  where  advanced  technology, 
sophisticated  threats,  environmental  constraints  and 
hazards  to  safety  exist,  coupled  with  inevitable 
programmatic,  political  and  schedule  pressures  on  the 
system  under  test,  create  forces  tending  to  ittinimize 
the  type,  amount  and  duration  of  testing. 
Conversely,  the  need  for  technical  and  opetatioaal 
information  about  the  system  and  its  behavior,  and 
for  proof  by  demonstration  that  (he  system  satisfies 
the  requircnvmts  it  was  developed  to  meet,  giv(»;  rise 
to  the  desire  for  RWxitnisRg  testing  end  its  support 
functions  to  acconunodate  the  system's  developers, 
users  and  overseers.  Since  testing  |icr  sc  docs  not 
improve  the  performance  of  a  system,  T&E  is 
technically  a  ‘zero  value  added*  process,  except  for 
the  information  it  provides.  The  projected 
information  value  of  a  test  in  reducing  risk.s  in  the 
acquisilion/doployment  decision  proce&s,  then, 
provides  a  ha.<iis  for  solving  the  indicated  ’minimax* 
problem. 


2.  WHY  WE  TEST 

As  a  working  hypothesis,  we  assume  that,  at  least  in 
theory,  testing  is  an  information  generation  activity 
with  the  objective  of  reducing  the  risk  of  doing 
something.  Or  in  very  general  terms,  we  test  to 
generate  information  to  reduce  the  risk  in  applying 
new  technology  or  in  using  old  technology  in  new 
ways.  Then  we  stop  testing  when  that  risk  has  been 
reduced  to  a  level  generally  acceptable  to  those 
responsible  for  the  application.  (Many  other  futors 
tend  to  intrude,  however,  as  noted  below.)  Since  the 
uncertainties  introduced  by  new  technology  or  its 
novel  applications  drive  T&E,  testers  tend  to  be 
challenged  most  b  die  very  features  and 
characteristics  which  make  new  systems  effective.  It 
has  been  noted  that,  dosfriie  its  utility,  ‘Testing  is  a 
zero  value-added  activity*,  since  no  system  is  ever 
improved  by  tlie  act  of  testing  alone.  Testing  is 
usually  performed  either  to  ntui  out  something 
(experiment)  or  to  prove  something  (demonstration), 
of  either  an  operational  or  technical  nature,  with  the 
ultitnaio  goat  of  reducing  the  risk  of  an  unwanted 
result  of  taking  some  action.  Although  ideally  testing 
proceeds  until  adequate  risk  rcductioo  ha.s  been 
achieved,  numerous  other  cocLstraints  tend  to  affect 
the  type,  amount,  and  duration  of  T&E: 

•  Resource  Constraints 

•  Schedule  Constraints 

•  Environmental  and  Safety  Constraints 

•  Pressing  Need  to  Use.  Deploy,  or  Market 

•  Desire  to  Exploit  A  Technique,  Technology 
or  Opportunity 

•  Security  Limits  on  Capability  Exposure 

•  Programmatic  Perturbations 

•  Political,  Social,  and  Cultural 

Considerations. 

3.  THE  TES1'  AND  EVALUATION  PROCESS 

The  T&E  process,  like  the  system  design  priKcss, 
bogitu:  with  the  sUtement  of  a  general  need.  This 
statement  should  not  Jefme  a  specific  system  to  meet 
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the  need,  nudi  lees  tb^  quantitative  panuneten  of 
luch  a  ayitam.  i  or  example,  die  need  for  *a 
combinatioa  of  senaoi  equipment  and  operatkaal 
proceduroB  to  peevcot  the  tianqiortatioa  of  expioaivea 
aboard  aircraft  and  their  lubeequeat  detonatioo'  could 
serve  as  such  a  statement.  Tito  'user*,  or  authority 
ultimately  responsible  for  acquiring  and  d^loying  the 
system,  should  issue  this  statement. 

This  general  statement  of  need  should  then  be 
translated  into  a  set  of  operational  requirements;  these 
should  be  as  specific  anu  quantitative  as  possible,  but 
couched  in  operational,  rather  than  engineering  terms. 
Again,  the  articulation  of  operational  requirements 
should  not  explicitly  define  the  design  of  a  system  to 
satisfy  these  requiiementa.  For  explosive  detection 
systems,  the  traditional  parameters  of  detection 
probability  and  false  alarm  rate,  when  specified  in 
relation  to  a  particular  type  and  amount  of  threat 
explosive,  serve  as  examples.  Other  characteristics, 
su^  as  throughput  rate  and  physical  attributes  (size, 
weight,  etc.)  can  either  be  specified  u  requirements 
CM'  told  out  as  variables  to  to  used  as  dimriminanu  in 
the  selection  process  for  altsmative  system 
candidates.  Agam,  the  user  is  responsible  for 
articultting  operational  requiremenU,  baaed, 
presumably,  on  some  analysis  of  the  opoatisg 
environment  and  real-life  constraints.  Those 
opentioosl  requirereenU  are  also  used  to  gmerate  a 
set  of  critical  operational  iasues  or  questions  to  to 
addressed  later  by  rqierational  tasting. 

Based  on  the  operatioaal  requiremextts,  then,  the 
'developer*  can  create  tflchnical  or  engineering 
spectfkatiaQS  for  one  or  more  systems  which  are 
feasible  esadidates  to  meet  the  operational 
requirements.  The  tochoicsl  spocificatioits  in  turn 
lead  to  critical  technical  iasues,  or  enfineering 
questions  to  to  addressed  by  technical  ti^tiog.  Since 
the  technical  specifications,  unlike  the  operatioo*J 
requiretQGots,  are  peculiar  to  each  syriem  des.igB, 
they  can  vary  widely  in  number  and  type.  Techaicsi 
speciftestioos  appropriate  to  an  X-ray  device,  for 
example,  would  probably  not  be  suitable  for  a  device 
attempting  to  ex^oii  vapor  detection  pbenomeaolofy. 
The  developer,  usually  in  cooperation  witn  the 
contractor  actually  responsible  for  the  desip  and 
fabrication  of  the  system,  will  perform  developmental 
or  technical  testing  against  the  technical  qiecifications 
to  detennioe  wbe^,  and  to  what  degree,  they  are 
met.  Tfidmiral  testing  is  in  the  natun;  of  u 
'experiment*,  in  dial  the  results  may  be  used,  often 
with  numerous  test-analyne-fix  iterations,  to  improve 
the  system  perforance. 


After  a  system  is  vimwd  as  having  astiafretorOy 
pasted  its  technical  tests,  it  becomes  a  candidate  for 
operational  teating  againat  the  operational 
lequiremeote.  (An  important  point  to  note,  however, 
is  that  a  system  can  fiil  to  meet  one  or  mote  of  ite 
technical  specifications,  and  still  aatisf^  the 
operational  requinmante,  just  as  a  system  can  pass  all 
of  its  technical  teste,  yet  be  Cound  unacceptable  in 
operational  testing.  Thus  tochsicsl  specifications 
must  be  treated  very  carefully  when  they  ai»  betag 
used  to  assess  systems  as  candidates  for  opentioosl 
testing.)  Ideally,  to  maximize  the  objectivity  of 
results,  operational  testing  should  be  conducted  and 
evaluated  by  an  agent  who  is  iadependent  of  the  user 
lad  the  devdoper/coitiractor,  but  who  is  acvecthelem 
as  informed  shout  ihs  system  ss  ftie  latter  and  yet  a 
worthy  surroptte  for  Ito  form^.  (This  is  somstiuMS 
difficult  to  amuge  inetibilicnally,  but  sdds  greteily  to 
the  credibility  of  the  ptoctw.)  Operatioatl  teating 
obviously  should  take  place  in  an.  anvirosuaent  and 
under  oemditioos  as  nearly  opentionslly  realistic  as 
practicable,  e.g.,  uring  actual  items  (hr^ase), 
personnel  (bamfters)  and  threat  replicas  (explosives). 

Finally,  the  rattolte  of  operational  testing  are 
coopared  widt  the  operational  requiremeote  and 
critical  operuional  is^im  and  an  imismBat  made  of 
the  systems  ppeiafkms]  effoctivaMts  and  attiteMifty 
to  the  user’s  oiigimtl  tend.  ('Effectivenets*  hare 
related  to  performance  tectoca.  vheieta  'luitaldUty* 
refers  to  facton  af&ctmg  (ha  aatisfictury  iaatellitiM 
and  empfoyment  of  the  system,  a.g..  ratiahSify, 
aysilabtlity,  msiateiu^ty,  etc.)  Upon  fttis 
ssseasmeat,  a  decision  whet^  to  aecpiire  ■«]  dsploy 
the  syitom  cau  to  mndte-  NnrbwUy,  lieteirB 
enter  die  dscitkm  process  si  titis  tiaas,  U-hA 
quaatifisbie  (a.g.,  coat  of  the  system  in  relation  to  its 
dfectivcMiis)  and  noo-geaatifiihlc  (a.f..  (he 
presumed  (kKetrent  effect  of  havlug  (h?  ia 

place),  la  addition  to  fonatag  the  basis  for  an 
ioA>mied  'buy*  dtxisiou,  the  remits  of  oficretionB] 
tesung  can,  if  appropriate,  to  Md  to  tsudify  ^ 
user's  expactetiooii  as  to  opeittional  requiramn'is  or 
even  the  basic  need,  just  as  tin  restilu  of  technical 
testing  are  emptoyad  te  M  iterative  fathkaa  to  adjun 
system  desiga,  otaaniction  and  ev«o  tpecificstions. 

4.  TEST  AND  EVALUATION’  OF  EmOSS’/E 
DETECTION  TECHNOLOGY 

Within  the  gaiMnl  fiimewortc  outlined  shove  fall  a 
Dumber  of  crucial  considerntiaBs  ^pacific  to  the  teat 
and  evaluation  of  axptoiiva  detection  todmotogy. 
First,  both  m  time  and  iaapoitance,  is  tU 


oitobliihnseBt  of  She  need  fof  the  tedmology  G&d  the 
equtpKsot  by  which  it  i;  in^iemonted.  This  need  is 
piesuaubly  based  on  some  real  explosive  threat,  and 
so,  unless  the  threat  disappears,  the  need,  cnce 
articulated,  rtuoaina  to  be  met.  Thus  the  user  may 
choose  to  aocqrt  the  techacdogy  ^ch  comes  cloaed 
to  ineedns  this  need,  even  though  the  openUka^ud 
requiremants  are  not  all  ftdly  in  order  to  avoid 
the  sittt^r^  whsi^i  Qg  oonstructive  action  is  talcen. 
System  acquisition  theory  offers  a  fonml  solution  to 
this  predicament  in  which  »o  currently  exiidutg 
technology  is  c<»spl^!y  satis^tory,  namely  the 
‘evohitiooary  strategy*.  In  this  approach,  formal 
acknowledgemmt  is  made  of  the  circumstance  that 
the  operational  requiiiMiients  wo  nor  completely  stated 
(e.g.,  becauee  of  an  insoifkieatty  precise  threat 
defiiiilion)  aod/or  the  tochnotogy  is  not  completely  in 
hind  to  satisfy  the  fequiremmts  (although  the 
expeetttirstexiiSs  that  such  tcchihdogy  will  eveutually 
he  available).  An  iltasaabic  incremoit  of  *core* 
cj^^thiiity  is  torn  defined,  implemented,  tested  and 
deployed.  Subsutquently,  when  the  requirement  is 
better  and/or  ^  technology  improved,  a 

second  inasmeot  of  capability  is  fielded.  This  cycle 
is  tvi^jeatod  as  until  (be  foul  system 

evolvoB,  with  t^ghnical  md  operidimud  testirtg 
conducted  againsi  the  pfovisiotsLl  tmjuiiemeats  at 
each  stage.  Thus  the  user  is  able  to  promptly  c»joy 
the  bonefita  of  the  best  qiisttog  tedmology  while,  m 
a  disciplined  wkI  JuatiKabk  way,  addimssiag  tli^ 
(poa^bty  t^isagiag)  roquiteme^  with  gradually 
improving  technology.  In  the  oue  of  exploeive 
detociioc  tfidmciQgy,.  foe  tow  also  gaa^  from  tfe« 
deterttnt  poww  uf  havit^  an  »ctua}  system  whose 
timitatiooa  may  oot  be  understood  (and  bea^  nmst  be 
respected)  by  «  (hireat 

Hiving  decided  thm  hu  exploaive  detection  need  osust 
be  tact  to  the  maximuitt  (if »;;« tobtl)  estiml,  iho  user 
must  articul^to  .<|U;a»t{'talive  operafoxrU  rtqatrements, 
begisniag  with  a  daracterij^ion  of  the  threat. 
Although  foe  fo»xsulation  of  foe  threat 

sUndwd  vvQitld  t>s  a  mitoumot  detectahK*  amt^iuat 
(e.g.,  foe  selected  tecimology  roast  be  able  to  detect 
at  least  X  p«mda  of  difTtensw  types  of  exploaiv'cs), 
care  must  be  talcen  to  net  wi  ipipossibte  pmblom. 
As  ^ve,  adeqrtate  freatoto  should  V  ouitt 
into  foe  forest  apectfkslion  to  allow  proceeding  with 
oihwvi*  acceptifole  tedimologies  which  do  not 
completely  meet  the  criteci>}«t;  otiherwise,  »1!  ptvvgresa 
t$  bfocked.  Ofocii'  chwacteiistics  of  foA  threat  which 
are  nece«suiy  to  make  foe  explosive  a  prcfoleni  for  foe 
detection  system  saer  (e.g. ,  timmx.  pressure  aeosors, 
dc^maton,  wiring,  etc.)  should  also  be  cotmderod  in 


foe  threat,  definition.  Other  candidrue  parameters 
traditionally  offered  as  operational  requirements 
include  probability  of  detection  Pd,  pro^biiity  of 
false  alarm  Pf,  throughput  rate  V  and  system  cost 
(fixed  initial  plus  recurring  operstion  and 
mainteoance)  C.  Thia  set  defuus  a  four-variable 
simultaneous  stochastic  optimizatiem  problem. 
Because  of  foe  very  diffeieat  nsture  of  C  from  the 
other  parameteiv,  it  it  probably  best  considered 
separately,  either  in  foe  manner  of  a  cost-benefit 
analysis,  or  as  Bimfdy  a  factor  io  foe  eventual 
procuTfctasa*  process,  to  be  driven  out  by  market 
fotc-s.  Futthenoore,  in  many  candidate 

technologies,  pu  arid  Pf  are  directly  correlated  (aud 
inversely  joy-producing),  so  that  a  joint  specification 
which  allows  foft  system  designer  to  accomplish 
tradeoffs  may  be  appropriate.  In  any  event,  the 
operational  requirmaer.ts  and  critical  opemtional 
is;mes  are  to  be  derived  from  the  need  statemeat  and 
not  tailored  to  foe  proq>ective  technologies;  all 
systems  should  Uddergo  operatkmal  testing  against  the 
same  objectives. 

Wifo  foe  amversal  operational  requirements  and 
critical  operational  issues,  together  with  foe  lechuicai 
spmificstiuQs  and  critical  technical  issues  specific  to 
each  technology  derived  from  them  in  hand,  the  test 
planning  process  begin.  The  overall  test  concept, 
loading  to  detailed  text  designs,  leading  in  turn  to 
(ktailed  technical  and  operarional  test  plans,  tfooukl, 
in  addition  to  prescribing  exactly  h<?w  fos  tests  ifoould 
be  conducted,  monitored  and  farted,  relate  foe 
results  of  testing  to  foe  uHimste  decision  about 
acquiring  and  ifeptoying  foe  candidate  technologies. 
Thait  is,  in  addition  to  pn>viding  dw«  about  foe 
technologies  (’esperiment*  fuacthm)  or  showmi  that 
some  forecast  detection  v^qrability  actuidly  exists 
{'denionstratioo*  {‘onctson),  foe  ultiotetn  output  of  foe 
test  prognurt  should  fee  sufficier.t  tofomiotion  ?.nd 
answcir^  to  pertnil  tn  acquisitm  decision  to  bet  toVic 
wifo  tjummum  risk  tvanotosly  dwractm^sed  «  the 
*  final  exant*.  ‘li  v^s-of  -dw*  or  ’Sunday  game* 
function).  Tue  test  plaos  should  also  specify  (!:«  test 
tss^jutccs  (facilities,  iast?ti<tt$titetion.  lest  uoits,^  eSc.) 
which  will  bp  requited,  logtjtbor  with  any  Ihaitarioas 
(Hs  issting  scope  or  realism  which  tSs-  evaluator  musS 
cope  wifo  For  orplostve  detection  syptoavs 

undergoing  teattog  in  an  actual  wxirkKtg 

airport  istivirwiroeni.  these  cooxtrafoLv  can  be 
significtmt. 

One  obviesus  i,<;l  which  eaa  greatly  as.rist  foe  iyslem 
tester,  as  well  as  foe  system  dieigner.  a  coaspulcr 
fittoukiiol)  of  foe  syj^eeii.  Such  a  (tKHhd,  which  ared 
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not  necessarily  incoiporate  the  detailed  physics  and 
mechanics  of  the  system,  can  be  used  in  the  test 
planning  phase  to  suggest  the  most  useful 
configurations  for  actual  testing  (thereby  minimizing 
low  information  cmrtrat  events),  as  well  as  in  the 
post-test  analysis  and  evaluation  phase  to  extend  the 
results  of  testing  to  additional  configurations;  both 
modes  potentially  save  time  and  money.  If  the 
simulation  is  available  early  enough  in  the  design 
phase,  it  can  of  course  be  used  to  experiment  with 
various  combinations  of  technologies  and  their 
interconnections,  along  with  methods  and  procedures 
for  their  use. 

5.  HOW  MUCH  TESTING  IS  ENOUGH? 

What  constitutes  "enough"  testing  lies,  like  beauty,  in 
the  eye  of  the  beholder.  A  system  of  any  appreciable 
significance  will  normally  have  a  diverse  set  of 
constituents,  each  with  a  view  on  the  sufficiency  of 
testing: 

o  The  Program  Manager 

•  The  Contractor 

•  The  User 

•  The  Tester 

•  The  Review  and  Audit  Community 

•  The  Analytical  Community 

•  The  Taxpaying  Public 

•  The  Media 

•  "The"  Congress. 

The  rightful  entitlement  of  each  party  to  his 
special  perspective  is  not  disputed;  however, 
the  tester  is  expected  to  supply  special 
contributions,  including  independence  and 
technical  expertise  in  his  craft.  Discussions 
of  how  much  testing  is  enough  have 
traditionally  focussed  on  analytical 
approaches  to  the  determiiuition  of  test 
sample  size.  Statistical  considerations  are 
essential  (and  certainly  comforting) ,  but  may 
not  embody  all  of  the  real-world  factors,  as 
the  examination  of  some  prominent 
programs  and  their  associated  amounts  of 
testing  tends  to  suggest: 

9  One  Is  Optimal  (Anti- 

Satellite  Syctem) 

•  None  Is  Plenty  (Continuity  of 
Oovomment  Programs) 

•  Any  Is  Appreciated  (Electronic 
Warfare  Systems) 


•  A  little 'Ba*  Would  Have 
Sufficed  (MariaM) 

•  This  Is  OK,  We  Can  Always  Tweak 
It  Later  (Hubble) 

•  Every  Day’s  Worth  Makes  Us 

(Lotus  1-2-3/G). 

•  If  It  Works  In  Practice,  "Wbatever* 
Was  OK  (Numerous) 

e  None  Is  The  Leeat  We  Can  Get 
Away  Wifli  (Various) 

e  Some  Is  Exactly  Right  (?). 

The  last  reference  acknowledges  the  difficulty  of 
identifying  systems  or  programs  in  which  ^  amount 
of  testing  was  precisely  enough;  instances  of 
insufficient  testing  are  mudi  easier  to  cite,  and 
"overtesting*  is  a  difficult  notion,  if  not  an 
oxymoron.  Neverthdess,  part  of  the  teeter's  job  is  to 
determine  (expertly)  how  much  teating  is  enou^ 
assess  and  articul^  the  adequacy  of  teating,  and 
defoid  his  vision  of  testing  sufficiency  against  timse 
of  other  constituencies.  This  is  to  be  done, 
furthermore,  imder  very  general  TAE  policy 
guidance,  directives,  and  regulations  which  are 
virtually  free  of  glaring  strengths  regarding  how 
much  is  enough.  A  variety  of  approaches  has  been 
used  to  attempt  to  answer  the  question  "When  can  we 
stop  testing?'.  These  include  claiairal  statistics, 
Bayesian  statistics,  game  theory,  decision  theory,  and 
modelling  and  simulation.  Most  approaches  view  a 
test  as  an  event  characterized  by  a  binary  choice  of 
outcomes,  viz.,  success  or  failure.  But  most  aystemi 
of  any  nm-trivial  degree  of  complexity  don't  simply 
"pass"  or  "M*.  Furthermore,  if,  as  aatumed  in  the 
discussion  above,  the  fimdameotal  objective  of  testing 
is  to  obtain  information,  it  seams  teaeonable  to 
measure  the  information  generated  by  testing  and  stop 
when  we  have  enou^  of  it  to  reduce  the  riAc  to  aome 
accq)table  level.  In  this  approach,  a  test  of  a  syatem 
can  be  viewed  as  a  multi-state  stochastic  proross,  tite 
system  proceeding  from  state  to  state  in  acoordanoe 
with  assumed  probid)iUty  distributions  (or  elm  the 
outcome  of  the  test  would  be  fixed)  mid  lesidinf  hi 
different  states  for  periods  of  time  deterTnined  in 
accordance  with  other  assumed  probability 
distributions.  The  passage  of  tiie  syatem  Ihrou^ 
each  test  state  generates  a  ^lecifi^  quantifiable 
amount  of  information.  The  total  amount  of 
information  generated  by  the  test  ia  then  the  sum  of 
the  information  generated  by  the  eequcnce  of  realiaed 
slates.  Since  the  risk  is  tnvenely  proportional  to  the 
total  information,  it  decreeaes  monotonically  with 
increasing  teating.  Tasting  (i.e.,  infbnnation 
generation)  continuea  until  ritic  is  reduced  to  die 
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desind  level,  or  conversely,  we  stop  testing  wbeo  tbe 
infomiMtioo  genented  exceeds  die  reciprocal  of  tbe 
acceptable  risk  level. 

Ibe  mathfimatical  description  of  the 
stochastic  evohittan  of  a  process  such  as  the  above 
cbaracterizatioo  of  a  test  has  been  worked  out  and 
described  by  die  author.  Although  the  approach  is 
valid  in  princiide  for  arbitrarily  complex  processes 
(i.e.,  arbitrarily  large  number  of  possible  states),  the 
actual  calculadoos  can  become  laborious  for 
cong)licated  systems.  Fortunately,  numerical  methods 
can  be  applied  to  generate  the  numbers  by  computer, 
so  that  closed-form  analytical  expressions  need  not  be 
derived.  The  handling  of  information  by  quantitative 
methods  is  discussed  in  any  competent  text  on 
informadon  theory. 
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1.  INTRODUCTION 

GAMMA-METRICS  has  developed  an  explosives 
detection  system  (EDS)  for  airline  checked  baggage. 
This  system  is  based  upon  prompt  gamma  neutron 
activation  analysis,  (PGNAA),  often  referred  to  as 
thermal  neutron  analysis.  In  this  technique  the 
checked  baggage  is  placed  in  a  chamber  filled  with 
thermal  neutrons.  The  thermal  neutrons  readily 
penetrate  the  contents  of  the  checked  baggage  and  are 
absorbed  by  the  various  chemical  elements.  Each 
element  then  emits  characteristic  gamma-rays  which 
are  then  detected  and  analyzed  by  a  large  bank  of 
scintillation  detectors.  Primarily  this  technique  is 
based  upon  the  detection  of  the  10.8  MeV  gamma-ray 
from  the  absorption  of  neutrons  by  nitrogens  atoms. 

In  the  development  and  testing  of  such  systems  it 
would  be  normal  to  place  the  target  materials  in  the 
system  in  order  to  obtain  realistic  signals  and  to 
measure  the  performance.  However,  explosives  are 
highly  regulated  materials  and  special  licenses  and 
permits  are  required  for  their  handling  and  storage. 
In  fact  we  have  been  unable  to  obtain  s  permit  to 
store  explosives  in  our  facility. 

We  are  now  also  engaged  in  airport  testing  of  our 
EDS.  This  also  requires  a  suitable  target  but  it  is 
difftcult,  if  not  impossible,  to  bring  real  explosives 
onto  the  airport  whore  we  are  performing  the  tests. 

TTic  alternative  is  to  create  a  suitable  inert  simulated 
explosive  which  will  produce  the  same  gamma-ray 
signatures  Uutl  are  produced  by  real  explosives.  The 
simulants  ideally  should  comprise  precisely  the  same 
elements  in  the  same  proportions  and  mass  as  ere 
found  in  the  real  explosives  which  we  wish  to  detect. 
The  explosives  ere  primarily  composed  of  carbon, 
hydrogen,  oxygen,  and  nitrogen.  It  is  possible  for 
the  simulant  to  have  some  differences  from  the  real 
explosives  and  still  be  a  suitable  sukstituto.  The 
simulant  should  have  the  following  charactonstics; 


•  The  nitrogen  content  should  be 
accurately  matched  to  that  ftHmd  in 
explosives,  since  the  nitrogen 
gamma-ray  is  the  primary  sifaal 
which  is  used  for  the  detection  of 
the  explosives. 

•  The  hydrogen  content  should  be 
approximately  matched  since 
hydrogen  absorbs  and  moderates 
the  neutrons  which  probe  the 
contents  of  the  checked  baggage 
and  cause  the  emission  of  dte 
characteristic  gamma-rays. 

•  The  density  and  avenge  atomic 
number  should  bo  mctched 
approximately  so  that  the  simulant 

absorb  the  emitted  gamma-rays 
to  a  similar  extent.  However,  for 
the  size  of  explosives  generally 
sou^t  there  it  relatively  little 
absorption  of  the  gamma-rays  in  the 
simulant  so  the  match  can  be  fidily 
crude. 

•  The  form  «m1  weight  of  the 
simsilants  shmild  also  be  sunilar  to' 
that  of  real  exfdostvee  for  the  above 
reasons  and  also  so  that  foey 
displace  material  within  a  suitcase 
in  a  similar  way.  Simulants  which 
are  used  for  both  TNA  and  X-ray 
systeioi  muit  be  much  iwre 
carefully  matched  in  density, 
everage  atomic  number,  and  form. 

We  have  chosen  some  fiirly  common  and  convenient 
materials  to  create  simulants  for  the  TNA  EDS. 
Melamine  is  a  relatively  inexpensive  and  inect 
powdered  piastic  material  which  contains  66K 
nitrogen  by  weight.  Polyester  resin  with  an  organic 
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catalyst  is  the  hinder  and  provides  some  hydrogen. 
Sand  and  graphite  are  used  as  fillers  and  they  control 
the  density  and  pourability  of  the  mixture  as  it  is  cast 
into  molds,  llie  oxygen,  '^bon,  and  silicon  in  these 
filler  mateiitfls  have  relatively  minor  effects  upon  the 
neutrons. 

Table  1  provides  a  comparison  of  the  percentage  of 
nitrogen  and  hydrogen  by  weight  of  the  real 
explosives  and  simulants.  The  nitrogen  matches 
exactly  for  all  for  the  simulants.  The  hydrogra 
content  and  density  are  similar.  Table  2  provides  the 
piopv/rtions  used  in  our  simulants.  We  have  found 
these  mixtures  can  be  fairly  readily  mixed  and 
poured.  They  result  in  fairly  durable  simulants  and 
they  do  not  segregate  significantly  in  the  time  it  takes 
for  the  resin  to  solidify.  We  have  found  that  the 
mesh  size  of  the  powders  which  we  use  is  important 
in  controlling  the  mixahility  and  pourability  of  the 
mixtures. 

Three  types  of  tests  were  performed  in  validating  that 
the  simulants  do  indeed  give  the  same  results  as  real 
explosives.  Total  net  nitrogen  counts  were  measured 
to  demonstrate  that  the  nitrogen  signal  i'-  the  same. 
Gamma-ray  spectra  'vere  o^'taine ..  io  demonstrate  that 
other  significant  gamma-rays  were  comparable. 
Finally,  the  C4  simulant  and  real  C4  explosives  were 
placed  in  the  same  position  in  10  suitcases  of 
differing  weight  to  demor  trate  that  the  content!-,  of 
suitcases  did  not  produce  any  significant  differ..<ces 
between  the  simulants  and  the  real  C4. 

In  these  tests  6  types  of  explosives  were  used:  C4, 
Detasheet,  water  gel,  Tovex,  semtex,  and  TNT.  The 
quantities  were  trot  the  same  as  the  F>\A  defined 
explosives,  but  they  v/ete  close  enough  that  if  these 
simulants  ate  suitable,  the  properly  sized  simulnnL 
should  also  be  suitable. 

Each  simulant  and  explosive  was  nm  through  the 
EDS  10  limes  in  the  same  location  at  the  seme  belt 
speed  used  for  inspecting  luggage.  They  were  tested 
alone  and  also  in  the  center  of  an  average  size 
suitcase  (29  lbs).  The  mean  values  and  standard 
deviation  of  the  total  net  nitrogen  counts  for  the  10 
runs  were  computed  and  compared.  Table  3  provides 
the  results.  Generally  the  95  %  confidence  band  was 
+.9%.  This  degree  of  precision  is  sufficient  since 
explosives  which  must  be  sensed  by  the  system  vary 
quite  widely.  Most  of  the  comparisons  lie  within  the 
95%  confidence  band  but  several  do  not.  We 
performed  tests  with  the  t  statistic  on  the  results. 
Some  of  the  differences  were  statistically  significant 


but  the  simulants  are  still  close  enough  to  be  useful 
for  purposes  of  testing  the  EDS.  The  low  value  for 
the  bare  semtex  is  probably  because  of  the  low 
hydrogen  content  of  the  simulant.  The  Tovex 
simulant  was  low  in  nitrogen  by  about  20%  because 
we  did  not  know  the  nitrogen  content  of  the  Tovex 
before  the  tests  and  therefore  we  did  not  make  an 
exact  simulant. 

Figure  1  shows  a  comparison  of  the  upper  third  of 
gamma-ray  spectra  obtained  for  real  and  simulated 
C4  and  for  the  empty  test  chamber.  The  spectra  of 
the  C4  and  the  simulant  were  virtually  identical.  The 
broad  peak  at  channel  10  seen  in  the  difference 
between  the  C4  (real  and  simulated)  and  the  empty 
tunnel  is  due  to  the  10.8  MeV  nitrogen  gamma-ray 
and  the  escape  peaks.  The  spectra  of  the  other 
simulants  also  agreed  well. 

Table  4  provides  the  results  of  the  tests  of  con^>aring 
the  simulated  and  real  C4  explosive  in  10  suitcases  of 
differing  weights.  Each  case  was  run  through  the 
system  S  times  and  mean  values  and  deviations  of  the 
>tal  net  nitrogen  counts  were  computed.  The 
percentage  error  in  the  difference  between  the 
simulant  and  the  real  explosive  is  provided.  There  is 
no  particular  trend  in  variation  with  weight.  Tests 
with  the  t  statistic  showed  that  3  of  the  cases  had 
statistically  significant  differences.  We  believe  that 
these  variations  are  probably  due  to  not  placing  the 
simulants  and  explosives  in  exactly  the  same  location 
in  the  suitcase. 

2.  CONCLUSION 

Practical  simulated  explosives  for  several  common 
explosives  were  described.  All  of  these  simulants 
(with  the  possible  exertion  of  the  TOVEX  simulant) 
.re  similar  enough  to  real  explosives  that  they  may  be 
used  for  testing  of  TNA  systems,  but  some  are 
measurably  different  from  the  real  explosives.  The 
differences  show  that  great  care  should  bo  taken  in 
creating  simulated  explosives  and  that  it  is  not  trivial 
to  get  exact  matches  to  real  explcaives. 
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Real  Explosive  Simulant 


N% 

H% 

Density 

N% 

H% 

Density 

C4 

34.5 

2.0 

1.68 

34.5 

3.7 

1.47 

SEMTEX 

25 

2.0 

1.40 

25 

4.0 

1.45 

WATERGEL 

23 

3.0 

1.28 

23 

3.7 

1.34 

TNT 

19 

2.0 

1.47 

19 

3.0 

1.47 

DETASHEET 

15 

4.3 

1.48 

15 

2.8 

1.48 

Table  1  Comparison  of  explosives  and  simulants 


Melamine 

Polyester 

Resin 

Sand 

Graphite 

C4 

51.7 

33.0 

15.3 

0 

SEMTEX 

37.5 

37.5 

12.5 

12.5 

WATERGEL 

34.5 

55.5 

0 

10.0 

TNT 

28.5 

44.5 

17.0 

10.0 

DETASHEET 

22.5 

46.4 

17.1 

15 

Table  2  TNA  Simulant  Mixtures  (percentage  by  weight) 
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Table  3  Comparison  of  total  nitrogen  counts  from 

slrmitams  and  real  explosives,  with/without  suitcase. 
The  numbers  shovim  are  100*  -  N^|/N^. 

The  suitcase  was  29lbs 


Comparison  of  Real  and  Simulated  C4  Spectra 
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AIRPORT  TESTING  OF  A  NEW  THERMAL  NEUTRON  ANALYSIS 
EXPLOSIVES  DETECTION  SYSTEM 


M.J.  Huiwitz,  W.P.  Noronha,  and  T.  A.  Atwell 
GAMMA-METRICS 
5788  Pacific  Center  Blvd 
San  Diego.  CA  92121 


1.  INTRODUCTION 

GAMMA-METRICS  has  developed  an  explosives 
detection  system  (EDS)  for  airline  checked  baggage. 
This  system  is  based  upon  prompt  gamma  neotron 
activation  analysis  (PGNAA),  often  referred  to  as 
thermal  neutron  analysis.  In  this  technique  the 
checked  baggage  is  placed  in  a  chamber  filled  with 
thermal  neutrons.  The  thermal  neutrons  readily 
penetrate  the  contents  of  the  checked  baggage  and  are 
absorbed  by  the  various  chemical  elements.  Each 
element  then  emits  characteristic  gamma-rays  which 
are  detected  and  atudyzed  by  a  large  bank  of 
scintillation  detectors.  Primarily  this  techniques  is 
based  upon  the  detection  of  the  10.8  MeV  gamma-ray 
which  results  from  the  absorption  of  neutrons  by 
nitrogen  atoms. 

This  system  is  designed  to  use  a  long-lived 
SODBRN  electronic  neutron  generator,  but  it  can  also 
use  a  califomium-2S2  neutron  source.  Among  the 
other  features  of  this  system  are  the  use  of  a  larger 
number  of  detectors  and  provision  for  the  use  of  an 
integrated  X-ray  system  in  order  to  improve  the 
detection  versus  false  alarm  performance  for  smaller 
explosives.  As  shown  in  the  line  drawing,  in  Figure 

1,  the  EOS  is  made  up  of  S  modules  so  that  it  may 
be  readily  assembled  in  the  field.  Figure  2  shows  a 
photograph  of  the  system  which  is  currently  deployed 
in  an  extensive  data  collection  and  testing  program  in 
the  baggage  make-up  room  of  Delta  Air  Lines  at  Los 
Angeles  International  Airport  (LAX).  This  testing 
program  is  being  impported  under  an  FAA  contract. 

2.  AIRPORT  TEOTING 

The  preparation  and  performance  of  airport  data 
collection  and  testing  requires  a  great  deal  of 
planning  and  negotiation.  This  process  can  normally 
be  expected  to  require  about  4  to  6  months. 

Among  the  issues  and  operations  required  for  the 
ptelimiiuuy  arrangements  for  the  airport  test  are  the 


following: 

Airline  selection 

Airport  site  selection  (baggage  room, 
concourse,  etc.) 

Detailed  site  inspection 
Airline  approval: 

Local 

Corporate 

FAA  approval  of  site 
Adequate  baggage  flow 
Radiation  safety  approval  from  federal,  state 
and  local  authorites 
Coordiruktion  with  local  FAA 
liaison  office 
Insurance 

Personnel  access  and  hedging  for  airport 
security 
Baggage  handlers 

Site  preparation  (power,  walls,  base  for  the 
system,  etc.) 

Preparing  and  validating  simulated  explosives 
Test  Plan 

Plans  for  transit  and  assembly  of  the 
system 

Figure  3  is  a  top  view  line  drawing  of  the  installation 
at  LAX.  A  significant  amount  of  site  preparation 
was  necessary.  A  level  base  for  the  system  was 
prepared,  Walls  were  erected  for  protection  of  the 
system  from  rain.  Feed  and  exit  conveyors  were 
installed.  Power  and  lighting  was  installed.  Barriers 
were  installed  to  protect  the  system  from  collisions  by 
airline  vehicles  such  as  baggage  carts. 

The  airport  mission  itself  also  requires  many  steps 
including: 

Assembly  of  the  system  without  impacting 
normal  operations 
System  checkout 
System  calibration 
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Collection  of  data  on  real  airline  checked 
baggage 
Maintenance 

Training  of  neural  network  explosive 
discrimination  algorithm 
Performance  verification  testing 
Disassembly  and  removal  of  the  system 

3.  TEST  PLAN 

For  developing  the  explosives  discrimination 
algorithm  we  must  obtain  data  with  real  explosives  or 
properly  validated  simulated  explosives  and  we  must 
also  collect  a  large  body  of  data  for  baggage  without 
explosive  or  simulant.  Ideally  one  would  use  real 
airline  baggage  without  simulated  explosive  and  then 
place  simulated  explosives  in  these  same  suitcases. 
This  is  not  possible  since  one  can  not  open  checked 
luggage  or  readily  place  simulants  in  it. 

One  unsatisfactory  alternative  which  was  used  in 
early  work  was  to  place  the  simulants  on  the  side  of 
the  luggage.  As  shown  in  figure  4  the  situation  is 
quite  different  if  a  simulant  is  placed  outside  rather 
than  inside  a  suitcase.  First,  the  system  develops  a 
three  dimensional  nitrogen  density  distribution  which 
would  clearly  show  a  concentration  of  nitrogen 
outside  the  suitcase  and  this  would  clearly  indicate 
the  presence  of  the  simulant.  This  is  not  typical  of 
the  situation  in  which  the  EDS  must  work.  Second, 
the  simulant  would  be  too  close  to  the  neutron  source 
and  too  close  or  too  far  from  certain  of  the  detectors. 
Third,  the  simulant  should  di^lace  normal  materials 
within  the  suitcase. 

We  have  elected  a  differutt  procedure.  False  alarm 
data  is  gathered  using  real  airline  checked  baggage. 
Data  with  simulants  is  collected  using  unclaimed 
(lost)  airliite  luggage  purchased  firom  the  airlines. 
Simulants  are  placed  in  random  positions  within  (he 
unclaimed  luggage. 

Of  course,  it  is  essential  to  insure  that  (he  real  airline 
luggage  and  the  unclaimed  airline  luggage  are  indeed 
equivalent  as  seen  by  the  EOS  system.  This  is 
coafirmcd  in  three  ways.  First,  the  weight  and  size 
of  the  bags  in  these  2  sets  are  compared.  Second, 
the  distribution  of  total  nitrogen  counts  of  the  two 
sets  of  baggage  is  conrpared  and  the  uncUitnod 
^  adjusted  to  match  the  real  airline 
chocked  baggage.  Third,  data  is  acquired  without 
simulont-s  in  the  unclaimed  luggage  and  ultimately, 
the  false  alarm  performance  of  tbs  two  sets  of  bags 
is  compared. 


Figure  S  shows  the  distributioa  for  total  nitrogeo 
counts  in  domestic  luggage,  ii^enuliooal  luggage, 
and  for  die  OAMMA-METRICS’  set  of  unclaimed 
luggage.  The  OAMMA-METRICS’  set  was  found 
to  have  too  many  bags  in  the  regioo  around  4000 
total  counts  and  too  few  suitcases  in  the  regioo 
around  11000  counts.  Subaeqiuotly,  we  revised  the 
distribution  of  the  OAMMA-METRICS  unclaimed 
baggage  by  emptying  some  of  die  baggage  widi 
counts  around  4000  and  stuffing  more  items  heavily 
laden  with  nitrogen  with  counts  around  1 1000  into  the 
bags.  Most  of  the  real  luggage  with  very  high  counts 
at  LAX  appeared  to  be  more  like  air  cargo  rather 
than  normal  luggage. 

4.  AIRPORT  TECT  STATUS 

The  airport  data  coUectioo  is  still  underway.  We  luve 
collected  data  on  about  9500  suitcasea  as  shown  in 
table  1.  Despite  the  beat  efforts  of  our  boat.  Delta 
Air  Lines,  we  have  found  that  we  have  not  been  able 
to  gather  data  on  as  many  real  airline  bags  aa  hoped. 
The  primary  problem  has  been  diat  there  U  very  little 
time  for  the  airline  to  bring  us  carts  of  suitcases 
before  they  must  be  taken  to  the  tirplane  and, 
obviously,  we  can  not  delay  any  of  the  luggage. 

At  this  time  we  are  beginning  to  analyaa  the  airport 
data  and  train  our  bomb  discrimination  algorithms. 
Once  we  have  trained  the  bomb  discriminattoa 
algorithm  which  employs  an  artificial  neural  network 
we  install  this  algorithm  in  the  real-time  system  and 
perform  verification  testing. 
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Figure  1  Une  Drawng  of  the  GAMMA-METRICS  Explosive  Detection  System 


Figure  2  Photograph  of  the  GAMMA-KETRICS  Explosive  Detection 
System 
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placement  of  Explosives  Simulants  for  Airport  Perfomnsaioe  Teste 
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NET  NITROGEN  COUNTS 

Figure  5  Distribution  of  Total  Nitrogen  Counts  in  Unclaimed  Luggage  and  International  and 
DomesUc  Checked  Baggage  at  Los  Angeles  Internationa!  Airport 
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RADIOLOGICAL  SAFETY  ASPECTS  OF  TNA  DEPLOYMENT 


L  M.  Bw-Nir,  Pfa.D..  and  P.  Ryge,  Pfa.D. 
Scieoce  ^splicaiions  Intenudooal  Coiporadoo  (SAIQ 
Santa  Gara,  California 


1.  INTRODUCn(»i 

Active  nuclear  intorogadoo  techniques  enable 
invttiiive  explosives  deiectioo.  These  techniques  use 
natrons  or  high  oiergy  y  rays  as  probes.  They 
study  the  products  of  the  interactions  of  th^  probes 
with  individual  atiMOS  in  the  inspected  object  to 
determine  tiie  presence  of  ^>ocific  elements 
diaracteristic  of  explosive  materials.  These  active 
techniques  provide  highly  penetrating  probes  that 
geaierate  distinguishable  and  detectable  reaction 
products  from  die  different  elements  constituting  the 
various  substances  present  inside  die  inspected  object 
Thermal  neutron  analysis  (TNA)  is  currendy  the  only 
nuclear  technique  incorporated  in  a  practical  and 
tested  explosive  detection  syst^  (EDS).  The 
deployment  and  use  of  nuclear  based  de\  ices  in  areas 
accessible  to  the  general  public  (e.g.,  die  ccmcourse 
of  an  airport)  raise  concerns  about  potential  radiaticm 
related  hazards.  A  major  part  of  the  effort  put  into 
the  TNA  program  was  to  ascertain  that  its  installaticm 
and  operaticm  are  harmless  bodi  to  personnel  and  to 
members  of  the  general  public.  Section  2  provides  a 
brief  description  of  the  technology  and  how  it  is 
inqilemented.  Section  3  describes  the  safety  issues 
and  how  they  were  addressed  in  die  TNA  devices. 

2.  TNA  AND  TTS  MODE  OF  OPERATION 
2.1  TNA  Techniquefi 

The  basic  [diysics  behind  Thermal  Neutron  Analysis 
(TNA)  is  wdl-understood  and  has  been  iqiplied  to  a 
wide  variety  of  assay  problems.  The  tecWique  is 
used,  for  example,  in  h^ratory  sample  analysis,  on¬ 
line  monitoring  of  coal  and  cement  quality,  and 
borehole  logging''^.  In  TNA  the  object  to  be 
inspected  is  exposed  to  a  thermal  neutron  flux;  each 
of  the  elements  conqiosing  the  materials  in  the  object 
hu  a  known  reaction  rate  with  these  neutrons.  The 
nraitrons  are  captured  and  the  resulting  nucleus  has 
excess  energy.  If  this  energy  is  released  in  a  short 
time  (on  die  order  of  seconds)  then  the  emission 
is  called  prompt.  For  most  materials  encountered  m 
passenger  bags,  the  emission  of  pronpt  y  rays  is  the 


most  common  reaction  that  forms  die  basis  of  the 
detection  process.  A  nucleus  which  has  absoibed  a 
naitron  will  emit  y  rays  of  characteristic  energy  at 
a  known  rate.  In  particular,  a  nitrogen  nucleus  will 
emit  a  10.8  MeV  y  ray  about  14%  of  the  few  times 
that  it  absorbs  a  neutron  in  a  radioactive  capture 
process.  By  knowing  the  number  of  y  rays  received 
in  a  detector,  the  number  of  neutnms  bombarding  the 
sample,  and  the  known  reaction  rates  for  the  dements 
in  the  sample,  the  amount  of  a  particular  element  in 
the  sample  can  be  determined. 

Delayed  emissions  (which  occur  on  the  order  of 
seconds  after  irradiaticHi)  are  of  concern  only  as 
regards  die  safety  of  the  system.  These  are  die 
subject  of  the  present  paper. 

Neutitms  can  be  obtained  from  either  radioisotopes 
(e.g.  califoniium-2S2)  or  from  electronic  neutrcm 
generators.  All  the  operaticmal  TNA  units  at  pr^ect 
are  californium  based.  A  neutron  generator  based 
unit  was  built  and  successfully  tested  as  well.  It  is 
envisaged  that  in  situatitms  where  the  use  of 
radioactive  materials  is  precluded,  the  generator  will 
be  used  instead.  In  either  technique  the  neutrons  are 
produced  at  a  broad  qpectrum  of  energies.  Thus,  the 
design  of  the  system  must  incorporate  materials  to 
slow  the  neutrons  down  to  thermal  equilibrium.  The 
resulting  energy  plectrum  of  the  nnitrons  hitting  a 
suitcase  to  be  inflected  is  thus  rather  conqilex.  It 
would  be  therefore  probably  incorrect  to  describe  the 
system  as  a  purely  TTiemial  Neutron  Analysis  system. 
However  it  was  designed  so  that  those  interactions 
dominate.  The  requirements  for  the  design  of 
nooderating  assemblies  can  be  found  in  the  literature’. 
A  more  detaUed  description  of  the  technical  aspects 
of  the  TNA  system  and  its  implementation  can  be 
found  elsevriiere*. 

2,2  The  TNA  Device 

Figure  1  shows  the  TNA  with  its  miyor  conqxments. 
Bags  move  through  the  system,  traveling  on  a 
conveyor  belt,  passing  through  a  cavity  bathed  with 
thermal  neutroos  and  encircled  by  debtor  arrays. 
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Signals  from  the  detectors  are  processed  by  the  TNA 
computer  which  automatically  makes  a  determination 
to  clear  the  bag  or  not.  The  presence  of  suspect 
materials  inside  the  luggage  triggers  an  alarm  that 
generates  an  audio  signal  and  sends  a  visual  message 
on  the  operator’s  monitor  screen  Bags  containing 
suspect  objects  are  automatically  removed  from  the 
luggage  flow  by  the  diverter. 

Figure  2  is  a  "see  through"  view  of  the  system 
showing  in  greater  detail  the  process  of  bag 
inspection.  Also  indicated  is  the  shielding 
incorporated  into  the  system  design.  The  massive 
shielding  provided,  was  reflected  in  the  system’s  size. 
TNA  by  itself  is  13’  x  8’  and  its  weight  is 
28,000  Lbs.  As  a  consequence,  the  installation  of  the 
TNA  into  airports  entailed  careful  planning  and  rather 
involved  logistics. 

2.3  The  TNA  Use  in  Airports 

Passengers  with  overseas  destinations  have  their 
luggage  examined  prior  to  their  departure  from  major 
international  airports  in  the  United  States  and 
overseas.  At  present  only  luggage  from  outbound 
international  flights  is  screened,  but  this  may  change 
in  the  future  and  baggage  going  to  domestic 
destinations  may  be  examined  as  well.  The  number 
of  airline  passengers  whose  luggage  would  be 
examined  was  estimated  to  be  1.1  million  per  year 
per  system.  Based  on  an  average  of  2 
bags/passenger,  the  number  of  pieces  of  luggage 
exposed  to  neutrons  can  therefore  be  as  high  as  2.2 
million  per  year  (at  the  time  these  lines  are  written, 
the  total  count  of  baggage  items  that  underwent  TNA 
inspection  is  about  650,000).  The  bags  would  pass 
through  the  TNA  on  the  conveyer  belt  and  would 
normally  be  inside  the  system  for  approximately  20 
seconds  during  which  they  would  be  exposed  to  the 
neutron  flux  from  the  “^f  source.  However,  the 
flux  is  sharply  peaked  near  the  source.  Thus,  most 
of  the  neutron  irradiation  occurs  within  a  shorter  time 
frame  (approxinutely  6  seconds).  The  effects  of  the 
neutron  irradiation  on  the  bags’  contents  are 
discussed  in  detail  in  Section  3.2,  while  the  effects  of 
a  possible  longer  exposure  due  for  example  to  a 
baggage  jam  in  the  system  are  addressed  in  Section 
3.3. 

Checked  luggage  has  been  the  focus  of  the  first 
application  of  the  TNA  technology,  but  threats  from 
attacks  in  carry-on  luggage  may  be  equally  great.  In 
fact,  approximately  half  of  the  explosive  attacks 
against  aircraft  have  been  made  through  carry-on 


luggage.  Standard  X-ray  screening  that  carry-on  bage 
are  subjected  to  is  designed  cmly  to  detest  weapons, 
and  has  proved  to  be  ine^tive  against  explosives. 
SAIC  has  designed  and  tested  (under  contract  to  the 
FAA)  a  system  for  screening  carry-on  luggage. 

3.  SAFETY  ISSUES 

The  use  of  radioactive  materials  in  airports  raises  die 
issue  of  possible  radiation  exposure  to  TNA 
operators,  other  airport  persmmel  and  members  of  the 
public.  Potential  exposure  pathways  include  the 
following: 

•  Radiation  leakage  through  the  system’s 
shielding  in  the  course  of  its  normal 
operation  and  its  impact  on  the  iinnw»diatfl 
environment  of  the  system. 

•  Induced  radioactivity  of  the  contents  of  the 
inspected  luggage  caused  by  the  neutron 
interactions.  Both  potential  external 
exposiue  from  activated  c4>jects  and  potential 
internal  exposure  through  ingestion  of  food 
stuffs  carried  in  the  examined  baggage  have 
to  be  considered. 

•  Potential  radiation  hazards  in  the  event  of  a 
system  malfunction  (e.g.,  jams  or  power 
failures)  or  accidents.  In  particular,  the 
potential  for  radiation  hazard  in  the  event  of 
a  bomb  exploding  inside  the  system  or  as  a 
result  of  file . 

•  Shipping  and  handling  of  the  radioactive 
source  of  the  system.  In  particular,  source 
loading  and  letrioval. 

As  regards  the  handling  of  radioactive  materials  or 
the  use  of  any  ionizing  radiation  generating  device  for 
that  matter,  a  universally  accepted  guideline  is  the 
following:  "...the  magnitude  of  individual  doses,  the 
number  of  people  exposed,  and  the  likelihood  of 
incurring  exposures  where  these  are  not  certain  to  be 
received  should  all  be  kept  as  low  as  reasonably 
achievable  (ALARA),  economic  and  social  foctors 
being  taken  into  account^.* 

3.1  I^tential  Radiation  Exposure  i.Q  the  Immedi¬ 
ate  Vicinity  of  the  TNA 

Individuals  who  might  be  exposed  to  radiation  due  to 
normal  operation  of  TNA  are  divided  into  two 
categories.  The  first  group  consists  of  workers  who 
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handle  the  baggage  and  operate  the  system.  These 
people  q>end  significant  amounts  of  time  in  the 
immediate  vicinity  of  the  system.  Baggage  handlers 
may  also  be  specifically  assigned  to  the  TNA.  The 
sec(md  group  cmsists  of  members  of  the  public, 
primarily  airline  passengers.  Figure  3  shows  the 
layout  in  one  of  the  TNA  installations,  indicating  the 
flow  of  bags  and  passengers  through  the  system. 

Two  factors  determine  the  effects  of  radiadmi:  the 
radiation  level  and  the  exposure  time.  The  biological 
effects  of  radiation  d^>end  on  the  total  dosage 
absorbed  and  are  cumulative.  A  certain  level  of 
radioactivity  is  always  present  in  the  background. 
This  badcground  radiation  has  its  origins  in  a  variety 
of  sources.  Primarily  it  is  caused  by  natural  sources 
(e.g.,  cosmic  rays  and  naturally  occurring 
radionuclides  such  as  potassium-40).  A  small  part  of 
it,  however,  is  man  made  (e.g.,  home  appliances 
such  as  TV  sets  and  computer  monitors,  or  medical 
devices  such  as  X-ray  machines).  This  background 
radiation  results  in  an  effective  annual  dose  of 
approximately  1  mSv  (100  mrem/yr)  at  sea  level.  At 
high  altitudes  (e.g.,  Denver  CO  or  Mexico  City),  due 
to  the  increasing  contribution  from  cosmic  rays,  it 
can  be  as  much  as  twice  as  high  (the  same  is  true  for 
the  altitudes  of  commercial  flights)*.  The 
International  Commission  on  Radiological  Protection 
(ICRP)  guidelines  call  for  maintaining  the  dose  rates 
in  areas  accessible  to  the  public  ('public  areas')  near 
any  nuclear  installation  at  such  levels  that  ensure  that 
the  resulting  annual  effective  dose  does  not  exceed 
this  background  of  I  mSv.  The  upper  limit 
recommended  for  instantaneous  dose  rate  for 
members  of  the  public  is  0.5  (iSv/br  (O.OS  mrem/hr). 

The  TNA  design  incorporates  massive  shielding  to 
reduce  the  internal  neutrcm  and  y  ray  radiation  to 
very  low  levels.  Figure  4  shows  the  shielding  and 
the  doors  arrangement  in  the  TNA.  The  mechanical 
structure  of  the  TNA  is  made  of  aluminum,  with  a 
welded-<n  outer  shell  of  3/16  in.  aluminum 
(aluminum  is  preferable  to  other  choices,  such  as 
steel  for  instance,  due  to  its  low  interaction  rate  with 
neutrons).  The  structure  is  filled  with  moderators  of 
low  atomic  number  which  is  then  cast  into  place. 
Additional  shielding,  consisting  of  1/4  in.  thick  lead 
and  1  in.  thick  polyethylene  plates,  fiirtliei'  reduces 
the  exterior  done  rate.  The  measured  dose  rates  at 
any  distance  of  one  foot  from  the  systems  surface 
were  found  to  be  less  thin  3  pSv/hr  (0.3  mrein/hr)^ 
For  con^wrison,  during  a  typical  chest  X-ray,  one  is 
exposed  to  1,000  times  the  dosage  absorbed  next  to 
a  TNA  in  a  whole  year. 


The  door  arrangemeots  at  both  ends  of  the  system  are 
made  of  4  in,  thick  plates.  The  end  panels  swing 
about  vertical  axes  with  return  springs.  The  four 
iimer  panels  liang  from  a  horizontal  pivot  point  with 
a  cam-spring  amngemeot.  In  the  event  of  a  spring 
mechanism  failure,  the  weight  of  the  panels  will  ke^ 
them  in  the  closed  position.  Individual  position 
sensors  for  each  panel  are  coupled  to  an  indicator 
light  on  the  main  panel  to  show  that  the  doors  are 
closed  when  there  is  no  luggage.  The  arrangements 
for  loading  and  unloading  of  the  bags  are  such  that  no 
(me  has  to  qxmd  any  length  of  time  directly  in  front 
of  the  openings.  Additi(mal  safety  features  include 
the  following: 

•  The  outer  shield  doors  are  key  locked  when 
the  system  is  unattended. 

•  The  outer  shield  doors  are  interlocked  so 
that  if  the  system  operator  removes  the 
computer  system  key  before  locking  the 
shielded  doors,  an  alarm  sounds. 

•  The  source  can  be  drawn  manually  to  a 
retracted  position,  so  that  in  the  event  of  a 
baggage  jam,  retrieval  can  be  affected  with 
lower  radiation  fields. 

•  The  source  is  always  cmafined  within  several 
layers  of  shielding,  and  a  locked  panel 
covers  the  Teleflex  cable  to  which  it  is 
mounted. 

•  A  tamper  indicating  seal  is  used  to  show  if 
tampering  with  the  system  has  been 
sUempted. 

•  Environmental  monitors  are  used  to  monitor 
possible  ladiaticm  doaea  in  the  area. 

All  this  was  achieved  at  a  price:  the  system's 
dimeosions  and  overall  weight  are  rather  large  and  its 
installatioo  into  an  airport  calls  for  some  careful 
planning. 

All  the  workers  directly  associated  with  the  TNA 
operation  are  extensively  trained.  They  are  taught 
basic  infonnatioo  about  radiation  and  exposure  to  it, 
bow  to  minimize  their  own  exposure,  and  how  to  use 
survey  instruments.  The  opeimtion  is  supervised  by 
a  highly  trained  responsible  operator.  In  addition, 
informative  briefings  are  held  for  all  personnel  who 
might  occasionally  have  to  access  the  system  area 
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(e.g.,  baggage  handlers,  supervisors,  ramp  managers 
etc.). 

Survey  instruments  are  provided  at  each  airport 
location  and  doses  to  the  operators  are  monitored 
using  personal  dosimeters.  Explanatory  and  warning 
signs  are  posted  at  visible  locations  around  the  system 
for  the  general  public. 

TNA  devices  have  undergone  extensive  radiation 
safety  evaluation  both  by  the  health  authorities  of  the 
State  of  California,  where  the  systems  are 
manufactured,  and  by  the  NRC.  The  environmental 
assessment  determined  that:  "...for  normal  operation 
of  the  EDS  and  anticipated  abnormal  events,  the 
radiological  impact  to  both  the  worker  and  the  public 
is  well  below  NRC  and  the  environmental  protection 
agency  (EPA)  dose  guidelines  and  is  acceptable*.* 
An  additional  environmental  a.ssessment  performed  in 
order  to  demonstrate  TNA’s  suitability  for  operation 
in  areas  accessible  to  the  public  (e.g.,  airport 
concourse)  resulted  in  a  ’Finding  of  No  Significant 
Impact*.’ 

At  no  time  during  the  two  years  of  operation  was 
there  any  incident  of  the  radiation  levels  in  the  areas 
around  any  of  the  TNA  systems  approaching  that  of 
the  natural  background. 

3.2  Assessment  of  the  Induced  Radioactivity  In 
Luggage  Contents 

Since  the  interactions  of  neutrons  with  the  elements 
in  the  interrogated  bags  results  in  their  becoming 
slightly  radioactive  it  was  necessary  to  demonstrate 
the  safety  (both  to  personnel  and  passengers)  of 
handling  the  luggage  after  it  had  u^rgone  TNA 
inspection.  The  TNA  inspection  time  was  determined 
so  as  to  keep  this  induced  radioactivity  at  a 
minimum.  Most  of  it  decays  within  a  few  seconds  to 
a  few  minutes.  By  the  time  a  bag  exits  the  system, 
its  radioactivity  is  below  the  natural  background  and 
no  longer  mea.surable.  Detailed  descriptioos  of  the 
calculations  and  measurements  performed  to  establish 
the  levels  of  induced  radioactivity  in  the  inspected 
bags  are  provided  elsewhere"’'' ' .  In  all  the  examples, 
worst  case  scenarios  were  assumed.  As  an  added 
precaution,  every  bag's  radioactivity  level  is 
monitored  at  the  exit  from  the  system  and  whenever 
it  exceeds  the  background  that  bag  is  shunted  aside 
by  the  system's  diverter  and  the  (^)erator  is  warned. 
The  hag's  radioactivity  level  is  then  manually 
checked  and  only  after  it  has  been  veriried  to  be 
below  the  regulation  limit  for  oon-radiative  shipment 


(at  present  S  /tSv/hr)  the  beg  is  lelauNd  for  loading 
on  the  plane. 

A  few  of  the  neutron  interactions  result  in 
radionuclides  with  someiuhat  slower  decay  rates 
(longer  half  life)  (e.g.,  gold  or  sodium  with  half  life 
values  of  2.7  days  and  IS  hours  res;xctively).  Even 
in  these  cases  the  risk  is  low  as  can  be  seen  from  the 
following  two  exantples. 

Case  1:  Exter.ial  irradiation  by  elem.:nt8  that  had 
undergone  TNa  inspection.  The  largest  potential 
radiation  source  is  gold.  Because  of  its  relatively 
long  half  life  nearly  all  the  induced  radioactivity  in 
gold  will  be  present  when  the  passenger  claims  his 
luggage  (assuming  that  he  carries  his  gold  jewelry  in 
his  checked  luggage).  To  make  things  worse,  we 
omit  the  delay  time,  and  have  the  passenger  access 
his  bag  imm^iately  after  the  TNA  scan.  If  that 
passenger  were  to  wear  a  40  gram  (approximately  1 .4 
ounces)  gold  medallion  continuously  for  10  days  (24 
hours  a  day),  the  total  effective  dose  equivalent 
would  be  4  X  10^  mSv.  This  is  only  one  ei^Bi  of 
that  resulting  from  the  natural  potassium  content  of 
his  average  daily  food  intake. 

Case  2:  Ingestion  of  foods  carried  in  bags  that  had 
undergone  TNA  inspection.  Table  1  shows  the  daily 
intakes  of  the  elements  that  are  the  {wincipid 
contributors  to  the  dose  that  would  be  received 
the  dose  estimates  for  each  element  under  the 
assumed  conditions.  The  results  of  Table  1  dww  foat 
salt  is  the  principal  source  of  radiation  exposure  from 
consumption  of  food  that  has  passed  through  the 
TNA.  About  90%  of  the  effective  dose  equivalent  of 
1.7  X  lO^*  mSv  would  be  due  to  ingestion  of  sodium 
•nd  chlorine.  This  mesns  that  although  the  assumed 
scenario  U  unlikely,  its  equivalent  could  occur.  Aa 
a  specific  example,  if  a  passenger  were  to  poosume 
in  one  diy  2  ounces  of  silt,  approximidely  27  grams 
of  sodium,  (this  excessive  amount  is  the  highest  daily 
rcfxnted  salt  consumption  encountered  in  some  exotic 
Japanese  diets)  right  after  being  inspected  by  TNA, 
the  radistion  dose  absorbed  would  be  lest  then  0.4% 
of  that  resulting  from  naturally  occurring  potassium 
in  food.  In  general,  however,  passengers  gain  access 
to  their  luggage  only  after  the  flight  haS  reached  its 
destination,  which  for  most  intenutiooal  fli|^ 
means  a  delay  of  many  hours  before  the  passenger 
recovers  his  luggage. 

Another  issue  crmcerns  the  integrity  of  the  contents  of 
bags  undergoing  TNA  scans;  in  particular  fooda, 
electronic  and  photographic  media  and 
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phannaceuticals.  Existing  federal  guidance  and 
laboratory  data  both  provide  assurance  that  neutron 
irradiation  of  luggage  as  proposed  will  not  cause 
deleterious  effects.  The  Food  and  Drug 
Administration  (FDA)  has  approved  neutron 
irradiation  of  food  using  sources  to  detennice 
its  moisture  content.  Such  irradiation  is  permitted  for 
absorbed  doses  of  to  2  inGy’^.  Examinadrai  of 
luggage  is  estimated  to  produce  an  absorbed  dose 
from  neutrons  of  about  0.01  nKJy  under  normal  TNA 
operating  conditions.  It  is  estimated  that  one  bag  in 
6000  could  be  exposed  for  about  45  seconds  due  to  a 
baggage  jam.  In  that  case,  the  absorbed  neutron  dose 
is  estimi^  to  be  about  0. 1  mGy,  still  well  below  the 
FDA  dose  guideline. 

Gamma  irradiation  of  food  has  been  approved  for 
much  higher  dose  levels,  ~  10^  Gy'^.  The  gamma 
ray  doses  from  passage  through  the  TNA  are  far 
lower,  about  0.02  mGy.  This  has  been  determined 
by  integrating  dose  rates  (measured  with  a  survey 
meter),  and  by  passing  a  dosimeter  through  the 
system  in  various  piecess  of  baggage. 

Passage  through  the  TNA  would  expose  a  medicine, 
lotion,  or  other  item  in  the  suitcase  to  a  flux  of  8  x 
10*  neutrons/cm^  if  the  item  were  located  at  the  peak 
flux.  This  neutrcHi  exposure  is  comparable  to  that 
experienced  from  cosmic  rays  in  Denver  each  year 
(about  1  X  10*  neutrons/cn^). 

The  effect  of  the  system  on  photographic  film  is 
undetectable  under  normal  conditions.  This  was 
determined  by  testing  several  types  of  film  with 
single  and  multiple  passes  through  the  system. 

3.3  SysUm  Malfunction  and/or  Accidents 

The  system’s  built-in  radiation  shielding  is  sufficient 
to  «isure  that  even  during  a  potential  system 
malfunction,  the  emitted  radiation  level  will  not 
increase.  However,  system  failures  (caused  by 
power  interruptions  or  by  jamming  of  the  conveyor 
belt  mechanism)  can  result  in  the  baggage  being 
exposed  to  neutrons  for  longer  periods  of  time  than 
under  normal  operation.  The  potential  effective  dose 
equivalent  from  wearing  gold  jewelry  for  10  days 
following  its  irradiation  in  a  suitcase  that  was  caught 
in  a  baggage  jam  would  be  about  0.003  mSv  but 
could  periiaps  be  as  high  as  0.01  mSv.  If  this  occurs 
for  one  gold  medallion  per  year,  the  resulting 
effective  dose  equivalent  would  be  1  x  lO**  person- 
Sv,  about  2.5  %  of  the  effective  dose.  In  the  event  of 
bags  caught  in  a  baggage  jam,  the  relevant  lug^ge 


items  are  manuaOy  tak^  out  of  the  system  and  kept 
aside  until  the  measured  radioactivity  level  is  found 
to  be  below  the  regulation  limit  for  non-radiative 
shipment  before  being  allowed  to  be  loaded  on  the 
plane. 

The  radiadon  safety  of  tbs  TNA  in  the  event  of  an 
accident  was  assessed  indepeadently.  The  U.S. 
Bureau  of  Mines  built  a  mock-up  of  the  system  and 
an  enqity  c^jsule  used  to  contain  the  radioactive 
source  was  exposed  inside  it  to  the  blast  from  an 
explosion  of  a  large  amount  of  high  explosives.  It 
remained  intact**.  The  potential  radiation  resulting 
from  an  accident  followed  by  a  fire  was  addressed  as 
well'*. 

3.4  Source  Shipment  and  Handling 

The  components  of  the  TNA  are  shipped  individually 
and  are  assembled  in  situ  within  the  airport  where  the 
device  is  to  be  used.  No  radiation  exposure  of 
workers  or  members  of  the  public  results  from  either 
shipment  or  assembly  of  the  TNA  because  the 
radiation  source  is  not  in  the  system  during  this  stage 
of  the  operation. 

The  ***Cf  source  is  shipped  sq)arately  in  a  single 
shielded  cask.  The  source  contains  150  micrograms 
of  *”Cf  (approximately  80  mCi  or  3  x  10*  Bq). 
Following  the  assembly  of  the  TNA,  the  source  is 
transferral  from  the  cask  to  the  TNA.  Radiation 
exposure  of  individuals  can  occur  due  to  transport  of 
the  ***Cf  source  and  during  the  source  installation  at 
the  airport  location.  In  assessing  the  effects  of 
source  transport,  it  is  assumed  that  the  ***Cf  source 
is  shipped  by  a  truck  from  a  manufacturer  in  Ohio  to 
the  various  airports.  An  average  travel  distance  of 
^)proximately  1200  highway  miles  is  estimated  for 
assumed  airport  locations.  Because  the  source 
decays  (with  a  half-life  of  ~2.64  years),  periodic 
r^lacement  of  the  source  would  be  necessary.  It  is 
estinoated  that  a  new  source  would  have  to  be 
installed  as  frequently  as  once  every  18  months.  The 
operational  lifetime  of  the  TNA  systems  is  estimated 
to  be  15  years,  so  a  total  of  10  source  shipments  is 
anticipated  per  system. 

The  expected  radiation  dose  rates  outside  a  shipping 
cask  loaded  with  a  150-microgram  source  of  ***Cf  are 
shown  in  Figure  5.  The  dose  rates  along  the 
cylinder’s  axis  are  somewhat  higher  than  those 
perpendicular  to  that  axis.  The  cask  would  be 
transported  in  a  truck.  The  nearest  point  of  public 
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access  is  likely  to  be  -~3  m  and  the  dose  rate  would 
be  expected  to  be  less  than  0.01  mSv/h  at  that  point. 

Radiaticm  doses  to  the  truck  drivers,  who  might  spend 
24  hours  at  a  distance  of  2  m  from  the  cask  while 
transporting  a  new  source  from  the  manufacturer  to 
an  airport,  are  estinoated  to  average  about  0. 16  mSv 
per  delivery.  Assuming  two  drivers  per  truck  and 
that  the  used  source  is  returned  to  the  manufacturer, 
periodical  replacement  of  the  source  is  expected  to 
result  in  a  collective  dose  to  drivers  of  0.0004 
person-Sv  per  TNA  system.  If  the  average  cask- 
driver  s^ration  is  3  m,  then  the  expected  collective 
dose  would  be  0.004  person-Sv.  Ihe  dose  to  an 
individual  member  of  die  public  seems  unlikely  to 
exceed  1  mSv,  although  foUowing  the  truck  at  a 
distance  of  5  m  from  the  cask  for  S  hours  could 
produce  a  dose  of  that  magnitude. 

The  source  carrying  cask  has  an  interfacing 
mechanism  with  the  TNA  enabling  the  source  to  be 
loaded  and  retrieved  from  the  system  without  being 
exposed  to  the  environm^t  and  without  having  to  be 
touched  by  human  hands.  Padlocks  prevent  any 
unauthorized  access  to  the  source  (either  in  the  ca^ 
during  shipping  or  in  the  system  during  operation). 
Only  appropriately  trained  system  operators,  who  are 
specially  trained  in  radiation  safety  and  handling  of 
radioactive  materials,  have  keys  to  these  padlocks. 

The  radiation  dose  to  operators  from  relieving  a 
baggage  jam  is  expected  to  be  no  more  than 
0.05  mSv.  Experience  with  TNA  indicates  that 
baggage  jams  are  infrequent,  and  the  vast  nuyority  of 
those  can  be  cleared  without  resorting  to  entering  the 
cavity;  in  fu:t  this  has  not  yet  occurred  in  even  one 
case. 

Major  maintenance  of  the  system,  such  as  to  repair  a 
broken  conveyer  or  to  replace  of  the  detectors, 
requires  partial  disassembly  of  the  TNA.  In  that 
event  the  ^”Cf  source  is  retrieved  from  the  system 
and  placed  in  the  shifting  and  storage  cask.  Thus, 
radiation  exposure  during  miyor  maintenance  is 
minimal. 

4.  CONCLUSIONS 

The  deployment  of  TNA  systems  in  airports  shows 
that  nuclear  based  explosives  detection  systems  can 
be  readily  integrated  into  public  areas.  Potential 
radiological  related  effects  are  minimal,  and  the 
measures  undertaken  to  ensure  the  safe  operation  of 
the  systems  are  appropriate. 
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Table  1  EFFECTIVE  DOSE  EQUIVALENT  FROM  DAILY  INTAKES 
OF  ELEMENTS  ONE  HOUR  AFTER  IRRADIATK»i 
DURING  PASSAGE  THROUGH  THE  TNA 


Effective  Doae 

Equivalent  (mSv) 

Mean  Daily 

Induced 

from  1-day  Intake 

Elemeot 

Intake  tel 

Radionuclide 

One  Hour  Delay 

Sodium 

4.4 

*^a 

1.3x10-’ 

1.4x10’ 

Chlorine 

5.2 

“Cl 

2.3x10-* 

7.3x10-* 

Potassium 

3.3 

1.0x10* 

1.1x10* 

Manganese 

0.0037 

“Mn 

3.5x10* 

4.6x10* 

Pho^horus 

1.4 

3Jp 

2.6x10* 

2.6x10* 

Arsenic 

0.001 

“As 

1.9x10“ 

1.9x10“ 

Bromine 

0.0075 

"Br 

1.4x10“ 

1.5x10* 

*^r 

1.0x10“ 

1.2x10“ 

Ccfiper 

0.0035 

«Cu 

7.9x10“ 

8.4x10“ 

Iodine 

0.0002 

‘“I 

7.9x10“ 

4.2x10“ 

Rubidium 

0.0022 

■Rb 

9.0x10“ 

1.0x10“ 

Cobalt 

0.0003 

tt-co 

5.6x10“ 

2.9x10“ 

Total: 

1.7x10’ 

2.3x10’ 

<03 
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Figure  5.  TNA  Source  Shipping  Cask  Dose  Rates 
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RADIOLOGICAL  SAFETY  REGLfLAHON  AND  LICENSING  OF 
NUCLEAR-BASED  EXPLOSIVE  DETECTION  SYSTE3^^ 

P.  Ryge,  Ph,D.,  asd  1.  M.  B«r-Nir»  Ph.D. 

Science  Ai^licati(»s  Interaatioiud  CoipofstiQa  (SAIC) 

Santa  Clan,  Caliibnua 


1.  INTRODUCTION 

Tlie  use  of  nuclear-based  interrogation  techniques  for 
non-invasive  explosive  detection  has  several  marked 
advantages  over  conq>eting  technologies.  They 
enq>loy  neutrcms  or  hi^  energy  gamma  rays  as 
probes.  By  atudysing  the  products  of  the  intetsctkns 
of  these  probes  with  individual  atoms  in  the  in^rected 
object,  the  presence  of  q)ecific  dements, 
characteristic  of  explosive  materials,  can  be 
determined.  These  bi^y  penetrating  techniques  can 
be  made  resistant  to  defott  mechanisms  and  are  well 
suited  to  automatic  operation  —  the  two  key  features 
required  for  any  practical  EDS. 

However,  the  d^loyment  and  use  of  nuclear-based 
devices,  especially  in  areas  accessible  to  the  public 
such  88  concourses  of  airports,  raise  coocems  about 
potential  radiadon  related  hazards.  It  is  necessary  to 
address  these  issues  in  the  design  and  manufiuturing 
of  such  devices.  In  addition,  it  is  necessary  to  deal 
with  various  regulatory  agencies  both  cm  Icmal  and 
national  levels  and  meet  c^tain  performance 
standards  before  these  devices  are  permitted  to  be 
installed.  Tbs  regaladcms  regarding  the  use  of 
radiation-based  devices  call  for  the  iiiq)leiiieatati(m  of 
certain  procedures  and  safety  measures.  These  have 
a  direct  bearing  on  the  costs  of  operating  such 
devices. 

The  safety  issues  and  the  general  regulatory 
framework  are  discussed  in  section  2  below.  Section 
3  describes  the  path  that  has  to  be  undertaken  in  the 
U.S.  before  one  is  authorized  to  install  and  operate  a 
nuclear  facility.  Issues  such  as  the  reqronsib^ties  of 
the  users  and  the  manufacturers  and  the  different 
regulatory  bodies  one  has  to  deal  with  in  different 
circumstances  are  discussed.  Section  4  describes  die 
situation  in  some  foreign  coimtries.  The  experience 
from  the  dqiloyment  of  TNA  systems  is  us^  as  an 
exan^ie. 


2,  SAFETY  AND  REGULATION  OF 
NUCI£AR-BASED  13)8 

Potential  radistka  safety  issues  raiaed  by  dm  uae  of 
nucIearlMsed  expioiive  detection  tyitema  include  dm 
following: 

•  Radiadcm  emitted  by  ^system  in  dm  course  of 
its  normal  opecadon  and  its  environmental 
impect 

•  Induced  radioactivity  in  the  contend  of  the 
inspected  items  caused  by  dm  nartron 
intencticns. 

•  Potential  radiation  hazards  in  dm  evettt  of  a 
systmn  malfunction  (e.g.,  baggage  jams  or  power 
huluies)  or  emergencies  (e.g.  fire  or  a  bomb 
exploding  within  dm  tystem). 

•  Shipping  and  handling  of  the  radioactive  source 
of  dm  system,  in  particular,  source  loading  and 
replocemfnt. 

Each  of  these  issues  na»t  be  addressed  to  dm 
satisfoction  of  all  dm  relevant  audioridea  before  such 
a  system  can  be  put  into  operation. 

The  nuclear  industry  nwy  well  be  the  moat  regulated 
in  the  world.  Virtoally  every  country  has  Mt  up  a 
regulatory  framework  inctnponting  various  rules, 
leguladcMis  and  guidelines  thst  govern  nuclear  relsted 
activities.  Before  embarking  on  any  such  scdvity, 
licenses  or  permits  have  to  be  obtained  foom 
relevant  regulatory  bodies.  The  procedures  vary 
according  to  dm  particular  regulations  of  each 
iqmcific  ccontry.  Sometinies  dmy  are  sttaightfoiward 
albeit  entailing  considerable  pqmrwork  and 
sometimes  delay,  while  in  extreme  cases  the 
regulatory  padiway  effocdvdy  precludes  the 
inqjlementadon  of  certain  acdvidee.  Brief 
descriptions  of  dm  itefts  dut  have  to  be  Undertaken  in 
various  countries  in  order  to  install  and  operate  a 
nuclear  fmility  ate  provided  in  [1].  That  document 
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is  primarily  oriented  towards  the  nuclear  power 
industry.  The  basic  ground  rules  are  similar, 
however,  and  it  can  serve  as  a  good  example  of  what 
is  involved.  In  addition  to  the  national  bodies,  there 
are  a  number  of  international  bodies  that  deal  with 
the  uses  of  nuclear  energy  (e.g.,  tbs  Intemationai 
Atomic  Energy  Agency  -  IAEA,  dte  Intemationai 
Commissioo  on  Radiological  Protectioa  -  ICRP  or  the 
Worid  Health  Otganizadon  -  WHO).  These  bodies 
sponsor  a  wicks  variety  of  research  activities  as  well 
as  monitor  the  safety  aspects  of  nuclear  related 
activities.  la  particular,  they  issue  recommeodations 
and  guidelines  setting  standards  and  upper  limits  for 
radiation  exposures.  Although  these  guidelines  and 
recommendatioas  are  not  legally  binding,  most 
countries  incorporate  them  fiilly  or  in  part  into  their 
laws.  With  few  exceptions,  when  cational 
regulations  differ  from  the  intemationai 
recommendations,  they  are  more  stringeoL 

The  basic  approach  to  the  use  of  nuclear  technology 
is  that  *no  practice  involving  exposures  to  radiation 
should  be  adopted  unless  it  produces  sufficient  benefit 
to  the  exposed  individuals  or  to  society  to  offset  the 
radiation  detrintent  it  causes.  *[2]  The  dire 
consequences  of  any  successful  bomb  attack  on  an 
airplane  make  it  of  paramount  importance  to  have  an 
effective  explosive  detection  in  place.  The  use  of 
nuclear  based  systems  (e.g.,  TNA  which  at  present  is 
the  only  nuclear  technique  incorporated  into  a 
practical  and  tested  EDS)  for  this  purpose  was  found 
to  satisfy  these  requirements.  [3]  Another  dominating 
rule  in  the  regulatory  framework  is  that  *the  liceasee 
shall  use,  to  the  extent  practicable,  procedures  and 
engineering  controls  based  upon  sound  radiation 
protection  principles  to  achieve  occupatioiul  dc^es 
and  doses  to  members  of  the  public  tbjt  are  as  low  as 
is  reasonably  achievable  (ALARA).''[4]  (See  in  this 
connection  also  [2]). 

3.  THE  REGULATORY  PATHWAY  -  U.S. 

3.1  The  Regulatory  Establishmeut 

The  I'lnclear  Regulatory  Commission  (NRC)  is  the 
primary  regulating  authority  in  the  U.S.  for  ail 
nuclear  energy  related  matters.  Its  authority  is 
derived  from  the  Atomic  Energy  Act  of  1954  and 
Atomic  Energy  Reorganization  Act  of  1974,  which 
are  concerned  primarily  with  nuclear  reactors  and  the 
nuclear  power  industry,  not  of  concern  here.  The 
NRC  regulates  and  licenses  "byproduct  material*  ~ 
radioactive  sources  produced  in  nuclear  reactors  (such 


as  Cf-252,  the  neutron  source  used  in  TNA).  The 
U.S.  is  divided  into  five  NRC  Regions,  each 
administerod  by  a  Region  office  which  issues  licenses 
and  conducts  inspections.  The  NRC  does  not 
regulate  X-ray  or  other  radiation  producing 
equipnzent  such  as  particle  accelerators,  nor 
accelerator  produced  radioactive  sources;  these  are 
subject  to  regulation  by  the  individual  states. 

The  NRC  regulations  are  contained  in  Title  10  of  the 
Code  of  Federal  Regulations.  Part  20  of  Title  10, 
designated  10  CFR  20.  is  subtitled  "Standards  for 
Protection  Against  Radiation";  it  is  mostly  but  not 
entirely  ermsistent  with  the  recommendations  of  the 
ICRP. 

The  Atomic  Energy  Acts  provide  for  "Agreement 
States. '  By  agreement  with  NRC,  these  states  license 
and  regulate  byproduct  material  themselves. 
Agreement  states  must  maintain  regulatory  practices 
and  standards  at  least  as  stringent  as  those  of  the 
NRC,  and  their  programs  are  audited  by  the  NRC. 
Approximately  half  of  all  the  states  are  Agreement 
States.'  In  all  other  states,  designated  Non- 
Agreement  States,  the  NRC  regulates  byproduct 
material.  All  states  maintain  radiation  control 
programs  which  regulate  other  radiation  matters  such 
as  accelerator-produced  radioactive  material. 

The  Conference  of  Radiation  Control  Program 
Directors,  Inc.  (CRCPD)  is  an  organization  whose 
members  are  representatives  of  radiation  control 
related  organizations,  such  as  the  NRC,  state 
radiation  control  agencies,  the  USFDA,  EPA, 
Department  of  Energy,  military  services.  World 
Health  Organization,  etc.  It  publishes  "Suggested 
State  Regulations  for  Control  of  Radiation",  used  by 
states  in  running  their  radiation  control  programs.  At 
the  request  of  and  with  support  frt>m  FAA,  a  special 
CRCPD  task  force  on  EDS  produced  "Regulatory 
Guidance  for  State  Registration/Liceasiug  of 
Explosive  Detection  Systems",  covering  both 
radioactive  source  and  electronic  neutron  generator- 
based  EDS. 

The  U.S.  Food  and  Drug  Administration  (FDA) 
regulates  X-ray  baggage  inspection  systems  under  the 
regulatory  category  "cabinet  x-ray  systems. "  It  also 
has  jurisdiction  over  foodstuffs  in  commercial 
shipments  ("interstate  commerce")  but  not  in  personal 
baggage.  Under  FDA  regulations,  contained  in  Title 
21  of  CFR,  radiation  in  food  is  an  additive.  In 
general,  food  additives  are  prohibited  unless 
sp^ifically  permitted.  Irradiation  of  foods  is 
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pennitted  for  certain  ^>ecii!c  plications,  such  as 
monitoring  the  moisture  content  in  grains  using 
neutrons.  Since  at  present  no  regulation  pcifically 
permits  irradiation  for  explosive  detection  purposes, 
it  is  not  permitted  currently;  if  it  were  deemed 
desirable,  a  regulation  permitting  TNA  inspection 
could  be  made,  since  it  can  easily  be  shown  to  pose 
no  health  hazard. 

3.2  Licensing 

To  possess  and  use  a  device  containing  a  radioactive 
source,  the  user  must  obtain  a  radioactive  materials 
license  from  the  NRC  or  Agreement  State,  depending 
on  the  user’s  location.  For  a  commercially 
distributed  device  such  as  SAIC’s  TNA,  this  is  fairly 
straightforward  because  most  of  die  burden  Mis  on 
the  manufacturer.  Ibe  manufacturer  is  lic«ised  as 
such,  and,  prior  to  commercial  sale,  the  device  must 
undergo  a  safety  evaluation  and  be  registered  by  the 
NRC  or  Agreement  State  (where  the  manufacturer  is 
located).  In  addition,  the  source  used  by  the  device 
manufacturer  is  a  "sealed  source"  sold  by  a  licensed 
source  manufacturer,  in  a  sealed  capsule  which  has 
undergone  a  sprate  safety  evaluation  and 
registration,  according  to  a  stringent  quality  control 
and  test  process. 

For  safety  evaluation,  the  device  nunuMturer 
submits  information  such  as  source  identification  and 
quantity,  description  of  the  device  and  its  safety 
features,  measured  radiation  levels,  prototype  testing, 
the  conditions  for  normal  use,  operating  and 
emergency  procedures,  radiation  warning  posting  and 
labeling,  limitations  and  other  conditions  of  use,  and 
operator  qualifications  and  training.  The  evaluation 
process  results  in  issuance  of  a  "device  sheet"  which 
is  listed  under  the  manufacturer’s  model  number  in 
the  Registry  of  Sealed  Sources  and  Devices.  The 
Registry  is  issued  to  all  Agreement  States  and  NRC 
Region  offices,  administered  by  the  NRC  Washington 
headquarters  office. 

This  evaluation  process  is  typical  of  what  is  normally 
done  for  radiation-based  industrial  devices.  For 
SAIC’s  TNA,  there  was  an  additional  requirement. 
Because  of  the  potential  exposure  of  millions  of 
members  of  the  public,  an  Environmental  Assessment 
was  required  to  be  performed.  This  process  is 
required  by  the  National  Envirorunental  Policy  Act  of 
1963 ,  and  the  implementing  regulations  for  byproduct 
material  licensmg  are  described  in  10  CFR  51.  Two 
separate  Environmental  Assessments  were  done,  for 
restricted  access  baggage  handling  area  and  for  public 


concourse  areas.  These  involved  the  submission  to 
the  NRC  of  extensive  reports  including: 

•  Description  of  use  scenarios; 

•  Estimates  of  worst  case  individual  radiation 
doses  and  collective  doses  to  workers  and 
members  of  the  public; 

•  Dose  pathways  included  direct  radiation  from  the 
TNA,  beta  and  gamma  radiation  from  potential 
activation  of  baggage,  external  and  internal 
(ingestion  of  foods  in  inq)ected  baggage); 

•  Doses  calculated  for  normal  operation, 
installaticm,  maintenance,  clearing  of  possible 
baggage  jams,  extrane  fire  vaporizing  the  source 
and  explosion  of  baggage  within  the  TNA  ; 

•  Cost/beoefit  aoalyais. 

The  NRC  based  its  assessments  on  these  reports  as 
well  as  other  information  and  in  each  case  arrived  at 
a  Finding  of  No  Significant  Impact  (FONSI).  TNA 
units,  manufactured  by  SAIC,  are  now  approved  for 
use  in  airport  baggage  handling  areas  and  in  public 
concourse  areas,  [4],[7]. 

As  discussed,  for  a  U.S.  airline,  airport  or  other 
organization  to  operate  a  TNA  or  other  exploaive 
detection  system  containing  a  radioactive  source,  a 
radioactive  material  license  must  be  obtained.  The 
at^licant  fills  out  a  standard  form  and  sends  it  with 
a  fee  to  the  NRC  Region  office  or  Agreement  State; 
the  amount  of  the  fee  varies  with  the  jurisdiction  but 
is  generally  in  the  range  $1,000-10,000. 

The  application  asks  for  die  following: 

•  Organization,  location,  and  contact  person; 

•  Type  and  amount  of  radioactive  source,  and 
proposed  use  (e.g.  in  SAIC  Model  EDS-3  for 
inspection  of  baggage); 

•  Designation  of  Reqionsibie  Individual,  umally 
called  Radiadon  Safety  Officer,  and  his 
qualifications.  For  TNA,  a  technical  decree  and 
a  fow-day  radiation  safety  course  are  geneialiy 
sufficient; 

•  Training  for  workers.  Can  be  based  on 
manufocturer-fiupplied  training; 
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•  Facilities  and  equipment,  e.g.  access  control, 
nearby  personnel  and  radiation  monitoring 
instruments; 

•  Radiation  safety  program.  Procedures  (usually 
based  on  manuiiKsturor’s  instructions  and 
training),  source  leak  test  schedule,  source 
loading,  personnel  radiatirai  badging,  record 
keyring,  etc. 

The  NRC  Region  office  or  Agreement  State  looks  up 
the  device  in  the  Registry  of  Sealed  Sources  and 
Devices  and  verifies  that  the  proposed  use  and  safety 
program  are  appropriate;  if  so,  the  license  is  issued. 

The  basic  responsibility  of  the  licensee  is  to  operate 
safely  and  in  compliance  with  the  conditions  of  the 
license.  In  particular,  this  includes  the  following: 

•  Ensure  that  operating  personnel  are  trained  in 
radiation  safety  and  the  applicable  procedures; 

•  Radiation  badging  as  required  (e.g.  for  TNA 
operators,  not  required  for  baggage  handlers); 

•  Source  leak  tests  (usually  every  6  months);  fairly 
simple  procedure,  can  be  done  by  trained 
operator  or  by  manufacturer; 

•  Radiation  instrument  calibration  (usually  every  6 
months); 

•  Posting  and  labeling  of  radiation  warnings  and 
signs; 

•  Security  control  access  of  unauthorized 
iiulividuals; 

•  Rqwrt  exposure  incidents,  if  any,  to  NRC  or 
Agreement  State; 

•  Keeping  of  records  of  license  activity  such  as 
operator  training,  source  leak  tests,  instrument 
calibrations. 

The  first  generation  TNA  units  are  owned  and  have 
been  deployed  by  the  FAA.  Although  the  FAA  lends 
the.so  units  to  individual  carriers  (TWA  in  JFK,  Pan 
Am  in  Miami  and  United  Airlines  in  Dulles),  the 
FAA  is  the  responsible  organization  and  therefore  is 
tlie  liccn.sco.  At  present,  all  TNA  units  are  operated 
by  specialty  trained  SAIC  personnel  under  contract 
with  the  FAA.  This  may  change  if  an  end  user  (a 
carrier  or  an  airport)  purchases  a  unit  directly  and 


installs  and  operates  it  on  its  own,  though  such  an 
organizatiem  could  also  contract  with  SAIC  for 
operation. 

4.  THE  REGULATORY  PATHWAY -OTHER 
COUNTRIES 

It  is  beyond  the  scope  of  the  present  work  to  describe 
the  regulatory  situation  worldwide.  We  shall  present 
the  situation  in  the  UK,  where  a  TNA  unit  has  been 
in  operation  at  Gatwick  airport  near  London  since 
July  of  1990.  We  shall  also  include  a  brief 
description  of  the  situation  in  France. 

4.1  The  United  Kingdom 

In  the  UK,  the  Health  and  Safety  Executive  (HSE)  is 
the  competent  authority  for  regulating  all  nuclear  or 
radiologically  related  activities.  It  is  the  primary 
authority  in  the  issuance  of  licenses  for  the 
installation  and  operation  of  nuclear  facilities.  The 
HM  Nuclear  Installations  Inspectorate  (the 
Inspectorate)  is  the  arm  of  HSE  th^  ensures  strict 
adherence  to  all  statutory  requirements  regarding  the 
safety  of  the  workforce  and  the  general  public. 
Although  both  the  HSE  and  the  Inspectorate  are  to  a 
Utye  extent  independent  of  any  government 
department,  they  are  ultimately  answerable  to  the 
Secretary  of  State  for  Energy  through  the  Health  and 
Safety  Commission.  Another  body  which  plays  a  key 
role  in  all  nuclear  related  activities  in  the  UK  is  the 
National  Radiation  Protection  Board  (NRPB).  This 
is  an  indep«Ddent  body  that  acts  in  an  advisory 
capacity  primarily  in  nuclear  safety  related  matters. 
It  usuiUy  performs  studies  for  HSE  to  verity 
claims  made  in  license  ai^catioos  for  devices 
employing  radiation. 

The  Health  and  Safety  at  Work  Act  places 
resptHisihility  on  the  employer  to  operate  safely.  The 
eofort^me&l  agency  is  U»  Heal^  and  Safety 
Executive  (HSE),  The  employer  must  notify  HSE  of 
intent  to  use  radiation  and  desigrrate  a  highly  qualified 
Radiation  Protection  Adviser  (RPA)  (consuitsnt-type 
arrangement).  In  addition,  approval  for  possession  of 
a  radioactive  source  is  required  from  the  Department 
of  the  Environment.  There  is  no  generic  device 
safety  evaluation  process  like  that  in  the  U.S. 

The  regulations  and  rules  that  govern  the  installation, 
operation  and,  whenever  applicable,  eventual 
modification.^  of  nuclear  facilities  in  the  UK,  are 
summarized  in  *llic  Ionising  Radiations  Regulations* 
of  1985  (IRR  85),  and  their  associated  'Approved 
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Codes  of  Practice"  (ACOP)  for  the  protectim  of 
persons  against  ionizing  radiation  arising  from  any 
work  activity,  [8],[9]. 

Having  to  deal  with  a  single  body  facilitates  matters, 
and  the  regulatory  procedures  in  the  UK  are  rathor 
straightforward.  As  is  the  case  in  the  US,  the  user  of 
the  device  must  have  his  own  permit  to  install  and 
operate  the  device.  It  is  his  responsibility  to  see  to 
the  inqilementation  of  all  the  required  safety  measures 
and  procedures  on  site  as  well  as  provide  the 
appropriate  personnel  and  necessary  training.  As 
regards  the  TNA,  once  the  NRPB  was  satisfied 
(through  its  own  measurements  both  in  the  factory 
and  on  site  after  the  installation)  that  the  safety  of  the 
systems  conformed  with  the  UK  [radiation  safety] 
standards  they  were  very  forthcoming  and  the  whole 
licensing  process  could  be  completed  with  relative 
ease.  The  TNA  at  Gatwick  is  run  by  the  Gatwick 
Airport  Authority  who  is  handling  all  security 
matters,  and  to  whom  the  FAA  has  lent  it.  Again 
SAIC  was  subcontracted  to  operate  the  system  with 
its  personnel. 

4.2  France 

In  France  the  regulatory  situation  is  more  complex 
primarily  because  there  is  no  single  body  handling  all 
nuclear  activities.  Rather,  there  are  several 
authorities,  each  reporting  to  a  different  ministry. 
When  applying  for  a  license  to  install  and  operate  a 
specific  device,  the  circumstances  determine  to  whom 
the  application  has  to  be  submitted.  Again,  it  is  the 
u.ser  who  must  perform  all  the  necessary  activities 
(e.g.,  demonstrate  the  safety  of  the  device,  the 
adequacy  of  the  facility,  the  implementation  of 
appropriate  measures  and  procedures  etc.),  and 
ensure  compliance  with  all  the  regulatory 
requirements.  The  relevant  rules  and  regulations  are 
included  in  decrees  86-1103  and  88-S21,[10],[U]. 

The  Service  Central  de  Protection  contre  les 
Rayonnoments  loni.sants  (SCPRI)  handles  installations 
that  employ  electronic  generators  that  produce 
ionizing  radiation.  The  Commission 
Intortnini.steriello  des  Radiodldments  Artificials 
(CIRHA)  is  the  relevant  authority  for  installntions  that 
u.se  radioactive  nutcrials.  When  the  opt'.ration  of  a 
facility  might  result  in  the  exposure  of  foodstuffs  to 
ionizing  radiation,  the  ministry  of  agriculture  and  the 
office  of  the  prime  minister  (through  a  special  unit 
responsible  for  maintaining  the  integrity  of  foods) 
have  a  say  a.s  well.  The  Institut  de  Protection  et  de 
Silretd  Nucldaire  (IPSN)  which  is  on  arm  of  the 


French  atomic  energy  commissirai,  has  a  role  siimlar 
to  that  of  the  NRPB  in  the  UK  (i.e.,  it  is  usually 
called  to  perform  studies  and  verify  clai'sns  made  by 
Uceoae  ^licants). 
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1.  INTRODUCTION 

Starting  in  1985  the  major  threat  to  civil  aviation 
shifted  from  hijacking  to  bombing  (Air  India  flight 
from  Montreal  to  London  bombed,  329  Idiled). 
Although  the  number  of  highjacking  attempts  may  be 
comparable  or  even  higher  than  the  number  of  bomb 
attacks,  the  consequences  of  bomb  attacks  in  terms  of 
the  fatalities  incurred  are  much  more  severe  (see 
Figure  2  in  ref.  [1]).  In  response  to  the  threat,  the 
FAA  stepped  up  its  efforts  to  support  the 
development  of  anti-tenorist  technologies. 

SAIC  was  selected  in  an  open  competition  to  develop 
and  test  operational  prototypes  of  an  Explosives 
Detection  System  (EDS).  SAIC's  approach  was  to 
utilize  a  known  technology,  thermal  neutron  analysis 
(TNA).  Prototypes  were  developed  and  installed  at 
San  Francisco  and  Los  Angeles  International 
Airports.  The  testing  demonstrated  that  the  concept 
was  feasible  (details  of  the  tests  and  discussion  of 
their  methodology  can  be  found  in  [2]).  Based  on 
these  tests,  performance  specifications  were  set  by  the 
FAA  defining  the  types  and  amounts  of  explosives  to 
be  detected,  as  well  as  expected  detection  rates  and 
alarm  rates.  Additional  performance  specifications 
defined  the  maximum  sizes  of  baggage  items  to  be 
mspected,  the  expected  throughput  (number  of  bags 
to  be  scaimed  in  a  given  time  unit)  and  the 
requirement  for  automatic  decision  by  the  system. 

Again,  SAIC  was  asked  to  complete  the  development 
process  and  prepare  systems  for  testing  at  key 
airports.  This  latest  development  effort,  wdiich  began 
in  1988,  was  accelerated  in  early  1989  in  response  to 
the  Pan  Am  103  bombing.  Additiotud  bombings  that 
have  occurred  (e.g.,  the  UTA  and  the  Avianca 
planes)  strongly  suggest  that  more  are  quite  possible. 
Presidential  commission,  congressional  action,  special 
interest  groups,  and  intense  media  coverage  have 
served  to  increase  public  awareness  and  concern. 

At  present,  TNA  is  the  only  technology  operational 
in  airports  and  available  commercially,  that  satisfies 


die  FAA  miwiniMm  contractual  icctptMoce  tmt 
standards:  automatic  decuioti  making,  acceptable  nl» 
of  througi^,  and  niects  mininam  lequireiBeDts  for 
detection  and  false  alann  latra.  TNA  systenis  have 
bear  installed  and  operated  in  JFK  Intematkinal 
Airport,  Miami  Intematioiial  Airport,  Dnlks 
Intemadonal  Airport,  Oatwidc  Airport  (UK)  and  in 
the  Middle  East  during  the  Hai^  period.  .\Mtioaal 
units  will  soon  he  installed  in  San  Francisco 
International  Airport.  A  detailed  deactipdott  of  the 
TNA  and  its  mode  of  opwation  is  provided  elaeultete 
([21). 

This  paper  describes  the  integration  of  a  high  tech 
based  EDS  into  dm  airport  covironinent.  In 
particular,  the  operational  aqiects  are  emphasized. 
The  pros  and  coaa  of  different  installadon  scenarios 
(e.g.,  lobby  versus  tarmac)  ate  discussed.  Secdm  2 
describes  the  operational  experience  of  the  TNA  units 
in  the  various  locatitms  focusing  on  the  installation 
and  summarizing  the  performance  results.  Sections 
describes  the  operatic^  logic'  of  explosive  detection 
in  general  and  its  implementation  by  the  TNA. 
Conclusions  are  presented  in  Section  4.  hr  an 
Appendix  we  discuss  the  perfomaoce  of  an  BDS  in 
terms  of  the  relationship  between  its  detection 
c^Mbilities  and  its  alarm  rates. 

2.  OPERATIONAL  EXPERIENCE 

Upon  completion  of  the  primary  R&D  {diase  of  tiw 
program,  SAIC  proceeded  to  build  working  units  for 
the  FAA.  The  next  step  was  to  incorporate  dteae 
units  into  actual  security  systems.  Once  out  of  tbs 
lab,  however,  practical  problems  astwe:  1  delivery 
and  rigging  the  units  in  place;  2  locating  the  units  so 
as  to  oisute  smooth  integration  into  the  airport  flow 
of  operations;  3  interlacing  with  the  existing  security 
system  and  4  handling  suqiect  bags,  to  name  a  few. 
The  introduction  of  high-technology  targe  pieces  of 
equipment,  employing  radioactive  sources  in  public 
areas  as  airport  lobbies,  turned  a 

buteaucratic  challenge.  In  addition  to  addressing 
concerns  about  radiological  safety  and  ascertaining 
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compliance  with  ail  the  safety  standards  and 
regidations  that  govern  the  use  of  such  devices,  it 
was  necessary  to  coordinate  between  different  bodies 
each  having  jurisdiction  over  a  different  aspect  of  the 
program  (e.g.,  airport  management,  airline,  FAA, 
state  and/or  federal  licensing  authorities,  foreign 
authorities  to  name  a  few).  Figure  1  is  a  flow 
diagram  of  the  process  of  getting  a  TNA  unit  into  the 
field.  The  numbers  in  brackets  present  averages  of 
the  actual  numbers  of  days  required  for  each  step  in 
the  different  sites.  The  whole  process,  from  the 
initial  decision  to  start  of  routine  operations,  could 
take  up  to  a  year. 

2.1  Installation 

The  overall  weight  of  the  TNA  is  approximately 
28,000  lbs.  The  space  requirements  depend  on  the 
precise  configuration  installed.  The  TNA  unit  by 
itself  requires  an  area  of  at  least  20’  ,x  15’.  These 
requirements  are  a  result  of  the  massive  shielding 
incorporated  into  the  design  of  TNA  to  ensure  that 
units  can  be  safely  installed  and  operated  in  areas 
accessible  to  the  general  public^.  Space  is  at  a 
premium  in  the  airport,  particularly  in  the  ticketing 
areas.  Moreover,  in  most  airports  the  floor  of  the 
higher  levels  is  usually  not  designed  to  withstand  that 
type  of  weight.  Thus,  not  only  pure  operational 
considerations  affect  the  decision  on  the  units 
placement,  rather,  additional  mundane  factors  such  as 
space  availability,  extra  costs  for  site  preparation  or 
accessibility  play  an  equally  important  role.  To 
facilitate  shipment,  the  TNA  was  designed  so  that  it 
could  be  broken  into  smaller  modules.  However,  the 
heaviest  module  weighs  more  than  10,000  lbs.  which 
calls  for  careful  planning  of  the  access  route  and  the 
method  of  transportation  of  the  system  to  its 
designated  location.  None  of  these  problems  was 
insurmountable.  Even  in  Oatwick,  whore  the  only 
direct  access  to  the  terminal  i.s  through  a  pedestrian 
footbridge,  a  solution  was  found  enabling  the  whole 
installation  and  rigging  process  to  bo  completed 
within  one  night.  In  the  rest  of  this  section  wo  shall 
describe  briefly  each  of  the  individual  installation.H. 

JFK  TWA  was  the  first  airline  volunteering  to 
cooperate  with  the  FAA  in  it,s  program  for  installing 
EDS  to  protect  civil  air  Iraruiportation.  They  offered 
to  place  a  TNA  unit  at  their  facility  in  John  F. 
Kennedy  International  Airport,  Now  York. 

Following  the  FAA’s  decision  to  let  TNA  screening 
substitute  X^ray  inspection  of  interline  luggage,  TWA 


opted  to  place  the  system  on  the  tarmac  where  it 
could  most  easily  be  inserted  into  the  normal  flow  of 
bags  being  transferred  into  the  TWA  system  from 
other  carriers.  However,  the  TNA  was  not  fully 
integrated  into  the  overall  TWA  baggage  handling 
system  and  luggage  had  to  be  routed  specially  to  be 
fed  into  the  system.  As  a  consequeuce,  the  system 
throughput  fluctuated  widely  since  delays  in  domestic 
flight  arrivals  and  adverse  weather  conditions 
frequently  led  to  the  system  being  bypassed. 

Deciding  to  place  the  system  out  of  doors  meant  that 
it  was  necessary  to  provide  protection  for  the  system 
and  the  operators.  Figure  2  shows  the  layout  of  the 
JFK  facility*.  With  the  extreme  weather  conditions 
encountered  in  JFK,  providing  air  conditioning  and 
heating  was  mandatory.  This  was  accomplished  by 
getting  a  pre-fabricated  building  in  place.  However, 
after  having  the  building  in  place  and  installing  the 
system  it  turned  out  that  the  building  which  had  been 
delivered  from  outside  the  state,  did  not  meet  the 
Port  Authority  and/or  New  York  State  building 
codes.  Thus,  the  interior  walls  had  to  be  tom  down 
in  order  to  redo  the  electrical  wiring. 

Miami  In  Miami  the  TNA  system  operated  for  a 
whole  year  without  protective  enclosure  (it  was 
located  in  the  baggage  make  up  area  below  concourse 
*F“).  Like  JFK,  in  Miami  the  TNA  screened  only 
interline  luggage.  In  order  to  demonstrate  the  TNA 
capability  to  perform  under  adverse  environmental 
conditions,  no  protective  enclosure  wa.s  built  and  the 
system  was  exposed  to  the  high  temperatures  and 
humidity  levels  encountered  in  Miami.  Apart  from 
providing  the  necesjary  power  nothing  else  was 
required.  Unfortunately,  the  elimination  of  the  need 
for  a  protective  enclo.suro  did  nut  shorten  the 
installation  process.  The  airline  would  not  allow  the 
radioactive  .source  on  its  premises  until  it  got 
os.s'urances  from  different  bodies  as  to  the  safety  of 
the  device.  On  one  day  there  wore  no  less  than  5 
different  representatives  from  federal,  state,  l<Kal  and 
airport  authorities  examining  the  system  with  no 
probicnvs  cited.  Additional  issues  were  raised  by  the 
airiin6.s  that  concerned  liabilities  and  indcnmif'icalinn 
which  led  to  further  delays.  Tlic  TNA  ended  up 
stored  in  a  trailer  in  the  FAA  regional  facility  for 
three  months  before  installation  could  start.  The 
airline  also  insisted  on  having  all  [rcr.'ainnel  tirat  might 
come  in  contact  with  the  .system  undergo  training  in 
the  basics  of  the  sy.stcm  operation  and  emergency 
procedure.  This  amounted  to  alxiut  700  employees, 
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and  obvuMialy  tocdc  aoiae  time  for  sufficient  clsnes  to 
beheld. 

Gatwkk,  Dulles  The  next  two  units  were  installed 
in  Oatwick  Airport  (UK)  and  Dulles  Intematicmal 
Airport  (Washington,  D.C.).  Both  are  located  on  the 
concourse  and  do  not  need  a  special  structure  to 
protect  the  system.  In  both  locations  minor  structural 
modifications  were  necessary  to  accommodate  the 
system’s  weight  (this  was  accomplished  by  providing 
a  load  spreading  platform  below  the  system). 
Partitions  were  built  around  the  units,  to  limit  access 
by  the  general  public.  In  Gatwick,  as  mentioned 
above,  the  direct  access  route  into  the  tenniiul  was 
precluded  by  the  system’s  weight,  and  a  special  crane 
was  used  to  hoist  the  heavy  modules  of  the  system 
into  the  terminal  through  a  window. 

Gatwick  was  the  first  foreign  installation  and  issues 
pertaining  to  sovereignty  came  up.  The  radiological 
safety  of  the  device  was  checked  and  verified 
independently  by  the  British  authorities.  Also, 
instead  of  the  FAA  lending  the  use  of  the  machine  to 
a  specific  carrier,  the  Gatwick  agreement  is  between 
the  FAA  and  the  British  Airport  Authority  (BAA). 
Since  the  UK  Department  of  Transport  (DTP)  directs 
its  airports  with  regards  to  aviation  security 
requirements,  they  had  to  be  consulted  throughout  the 
process  and  approved  the  bag  scr^eening  procedures. 

Dulles  was  the  first  domestic  installation  inside  a 
main  tennirud  not  located  on  the  ground  level.  Most 
of  tlw  installation  time  had  to  do  with  meeting  the 
airport  nunagement  rcquiremnuts  that  (he  final 
system  outside  appearance  blend  into  the  terminal 
overall  design.  This  was  accomplished  by  having  the 
system  painted  *Dull«  gray*,  adding  a  power  turn 
conveyor  to  feed  (be  system  and  providing  sestheiic 
covers  for  the  various  accessories  (e.g.,  operator 
consoles,  monitors,  etc.)  Liability  and 
indemnification  issues  were  raised  here  as  well  but 
with  experience  from  previous  installations,  (hey  did 
not  result  in  significant  delay. 

One  TNA  unit  was  leased  to  the  government  of  a 
Middle  East  country.  It  was  used  to  screen  luggage 
during  the  Hadj  period  in  1990  (June  through 
August).  It  was  again  e  lobby  inslallalioa  not 
requiring  any  special  site  preparations  whatsoever 
apart  from  providing  power.  Since  a  major  concern 
in  that  country  was  the  smuggling  of  expl(»ivea  into 
the  country,  the  I'NA  was  installed  so  that  it  could 
cover  arriving  flights  as  well  as  departures. 


The  two  yesn  of  openttni  ^  TNA  have  diowii  ftat 
mtk  installalioa  it  uniqiie  wifli  its  own  ptoUems. 
The  piofiam  cofvend  a  diventQr  ef  eavifomnenli, 
and  demonstrated  ttat  in  spite  of  large  diffeimces 
between  qiecific  sosBarios  (paitkularly  between  the 
rtapiirements  of  kibby  and  tarmac  iiartidlatians)  TNA 
systems  could  be  ad^ited  to  fit  into  all  environmenta 
with  minor  modifications.  The  suitability  of  the 
technology  for  use  in  a  wide  variety  of  operational 
scenarios  was  estoUii^. 

22  Perfonnance  Bwnltt 

There  was  concern  exinessed  both  by  the  airports  and 
the  airiines  that  the  ^>eed  of  the  TNA  would  not  be 
adequate  and  passenger  delays  or  flight  delays  would 
result.  Such  has  not  been  die  case.  As  of  October 
31,  a  total  of  over  585,000  baggage  items  were 
inspected  by  TNA.  Frequently,  the  TNA  units  were 
idle,  waiting  for  luggage  to  be  sent  to  it.  The  TNA 
units  experienced  practically  no  down  time,  since  all 
trouble  shooting  and  maintenance  could  be  performed 
outside  working  heurs.  Hours  of  operation  in  the 
different  sites  wers  set  so  ss  to  conform  with  the 
local  flight  schedules.  Differences  in  operational 
logic  between  labby  installations  and  tarmac 
installations  (see  Section  3  for  a  mote  detailed 
discussion  of  this  subject)  resulted  in 
differences  of  throughputs  at  different  sites. 

The  performance  results  of  the  syitejis  at  die 
different  sites,  during  the  2  yean  covered  in  this 
report,  are  presented  in  Table  I.  Differences  in  the 
implementstion  of  TNA  as  well  as  diffneocas  in  the 
approaches  to  security  account  for  the  divanity  of  (ha 
results.  As  an  example,  in  one  of  the  concourse 
installations  (be  ^stem  was  set  to  detect  a  moderate 
threat  leva!  (a  smaller  amount  of  explosivaa,  see 
Section  3)  at  a  higher  detection  rate  vinlh  little  regard 
to  the  multiag  higher  rate  of  alanns*.  In  addition, 
every  bag  that  alarmed  was  opened  and  hand 
scarfed.  In  December  of  1990  the  TNA  unit  in 
Gatwick  was  recalibnted.  The  numben  in  brackets 
reflect  the  performance  of  the  unit  for  the  period 
starting  at  January  1,  1991.  No  single  fli^  was 
delayed  due  to  usage  of  TNA. 

Detection  rate  meesurements  were  performed  daily. 
Explosive  simulants  were  attached  to  passenger  bags 
at  (HHerent  locations  and  nm  through  the  system. 
Regulations  prohibil  the  opening  of  the  bags  so  the 
simulants  were  attsebed  only  to  the  outside  of  the 
bags.  The  decision  procees  of  the  TNA  is  automatic, 
without  any  intervention  iroin  the  operator,  dura  the 
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results  are  not  compromised  by  the  k  priori 
knowledge  of  the  presence  of  the  simulants. 

The  TNA  decision  procedure  is  based  on  a  "fail  safe" 
philosophy,  which  means  that  whoiever  there  is  the 
slightest  doubt  about  a  given  item  it  is  marked  as  a 
suspect.  Many  of  the  raw  TNA  alarms  are  resolved 
by  using  a  secondary  method^.  This  is  done 
automatically  by  the  system  (XENIS).  Items  that  are 
not  automatically  cleared  are  dealt  with  by  a  security 
screener  basing  his/her  judgment  on  the  X-ray  images 
together  with  the  TNA  additional  information  (see 
Section  3).  In  particular,  the  TNA  generates 
composite  images  where  the  TNA  information  is 
imposed  on  the  X-ray  images  clearly  delineating  the 
suspect  items.  So  the  security  screener  knows  what 
to  look  for  and  where  to  look  for  it.  In  some  cases 
the  security  screeners  decided  to  have  passengers 
open  their  bags  and  conduct  a  hand  search*. 
Concerns  that  had  been  raised  about  "clogging  the 
airport  system"  due  to  high  number  of  alarms  which 
result  in  having  to  conduct  an  "unacceptable"  number 
of  manual  searches  of  bags^  did  not  materialize.  In 
fact,  even  where  every  alarm  was  manually  searched, 
no  delays  resulted  from  the  TNA  usage. 

The  concerns  about  the  throughput  of  the  TNA 
resulted  from  the  assumption  that  all  international 
bags  would  have  to  go  through  the  TNA.  This  is  not 
the  case.  In  a  well  designed  comprehensive  security 
system,  a  large  part  of  the  baggage  load  can  be  dealt 
with  by  alternative  metbod(s)  and/or  various  EDS 
configuratioas. 

3.  OPERATIONAL  LOGIC 

3,1  Detection  and  Alarm  Rates 

The  performance  of  an  EDS  is  usually  expressed  in 
terms  of  its  detection  rate  (PD)  and  its  alarm  rate 
(PFA).  These  two  parameters  are  not  independent. 
The  precise  mathematical  relationship  may  vary 
between  systems,  but  the  general  characteristics  are 
well  describwl  by  the  curves  in  Figure  3,  which 
depicts  the  re.sults  of  a  given  calibration  of  the  TNA 
(the  Appendix  at  the  end  provides  a  more  detailed 
di.scus$ion  of  these  curves).  As  can  bo  seen,  there  is 
a  "trade  off*  between  the  detection  capability  and  the 
alarm  rate.  At  high  detection  rates  (e.g.,  above 
90%),  any  incremental  improvement  in  the  detection 
rate  comes  at  the  price  of  a  significant  increa.se  in  the 
alarm  rate.  Several  parameters  affect  the  preci.se  PD 
-  PFA  relationship  (among  others;  the  radioactive 
source  size,  the  conveyor  belt  .speed,  tlic  hackgrourul 


distribution  which  is  determined  by  the  baggage 
contents  and  may  vary  seasonally).  The  most 
important  parameter  which  affects  the  PD  -  PFA 
relationship,  however,  is  the  threat  level  (or  the 
amount  of  explosives  the  system  is  set  to  look  for*). 
From  Figure  3  it  can  be  seen  that  while  an  alarm  iute 
of  3%  is  associated  with  a  detection  capability  of 
90%  for  a  high  threat  level,  one  has  to  accqjt  more 
than  4  times  that  value  (13  %)  in  order  to  maintain  the 
same  detection  rate  for  a  moderate  threat  level  (a 
significantly  smaller  amount).  At  a  detection  rate  of 
95%  the  associated  alarm  rates  are  6%  and  25%  for 
full  and  reduced  threats  respectively.  Thus,  when 
installing  an  EDS  into  the  airport  environment  one 
faces  a  certain  degree  of  a  conflict  of  interest:  a 
higher  level  of  security  (which  requires  a  high 
detection  rate  with  an  associated  high  alarm  rate)  may 
result  in  a  slow  down  of  the  flow  of  routine 
operations  and  delay  flights.  To  mitigate  this  conflict 
of  interest  the  TNA  systems  offer  the  flexibility  of  a 
varying  set  point  on  the  PD  -  PFA  curve.  During 
periods  of  increased  terrorist  activity,  or  in  response 
to  intelligence  information,  one  can  raise  the  PD  level 
and  pay  (temporarily)  the  price  of  a  higher  rate  of 
alarms.  This  feature  was  used  in  Gatwick  where  the 
set  point  was  changed  on  several  occasions.  Such 
changes  were  affected  only  with  special  authorization 
(by  the  ministry  of  transport  or  the  home  office).  It 
goes  without  saying  that  such  changes  were  not 
publicized. 

3.2  Int^rating  TNA  Into  the  Airport  Security 
System 

A  most  important  aspect  of  an  EDS  operation  is  its 
capability  of  automatic  decision  making.  A  screening 
system  which  relies  on  human  interpretation  of  its 
results  is  deficient  (see  in  this  connection  p.  6  of  [S]). 
In  addition  to  the  scope  for  human  error,  the  large 
number  of  items  involved  will  wear  out  even  the  b&st 
trained  operators.  TNA  reliably  clears  the  majority 
of  inspected  items  without  recourse  to  human 
judgment,  and  reduces  the  number  of  items  that  have 
to  be  manually  inspected  to  a  manageable  size’.  Any 
EDS  that  cannot  operate  in  this  manner  will  bo 
impractical. 

The  effectiveness  of  any  EDS  depends  to  a  large 
extent  on  its  mode  of  employment.  Differences  in 
the  attitudes  to  security  hud  a  large  impact  on  ;:.}e 
TNA  usage  (placement  of  the  unit.s  in  the  lobby  or  on 
the  tarmac,  have  all  liags  undergo  inspection  or  u-se 
it  on  a  selected  sample  only,  how  to  handle  (he 
sitspect  bags,  are  but  few  of  the  issues  (hat  have  to  bo 
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resolved).  In  both  tarmac  installatitais  (JFK  & 
Miami),  it  was  intended  to  have  all  the  int(»line 
luggage  undergo  TNA  interrogation.  However, 
operational  considerations  frequently  interfered  with 
this  decision.  For  example,  ^«irea  inbound  flights 
landed  too  close  to  their  corresponding  connection 
departure  times,  the  ramp  managers  often  decided  to 
by  pass  the  TNA  inspection  in  order  to  avoid 
delaying  the  departures  (required  security  standards 
were  still  met).  In  addition,  the  interline  luggage 
constitutes  only  a  small  fraction  of  the  total  baggage 
load  which  resulted  in  both  units  being  under  utilized. 

In  the  lobby  scenario,  on  the  other  hand,  one  had  to 
decide  between  having  ail  passengers  undergo 
inspection  or  pick  up  a  sample  only.  Another 
decision  to  be  made  wa*  whether  the  inspection 
should  take  place  before  or  after  check  in.  Figure  4 
shows  a  schematic  layout  of  the  Gatwick  TNA 
installation  where  the  passengers  check  in  before  the 
TNA  inspection.  Only  a  selected  sample  of  the 
passenger  (composed  approximately  of  20%  chosen 
according  to  a  profile  system  and  10%  picked  at 
random),  are  sent  to  the  TNA.  The  flow  of 
passengers  and  luggage  is  indicated  by  arrows  on  the 
figure. 

Another  difference  in  the  implementation  of  TNA 
stems  from  a  basic  difference  between  the  US  and  the 
UK.  Whereas  in  the  US  the  responsibility  for  the 
implementation  of  security  lies  with  the  individual 
airlines,  in  the  UK  it  is  airport  authorities  together 
with  the  relevant  ministries  (e.g. ,  the  home  office  and 
the  ministry  of  transport)  that  handle  security  matters. 
Thu.s,  the  TNA  units  installed  in  die  US  were 
allocated  by  the  FAA  to  individual  airlines  (TWA  in 
New  York,  Pan  Am  in  Miami  and  United  Airlines  in 
Dulles),  In  the  UK  on  the  other  hand,  the  TNA  unit 
is  operated  by  the  Gatwick  Airport  Authority,  and 
serves  all  US  and  international  carriers  flying  to  the 
US'®.  A  similar  approach  will  now  bo  attempted  in 
the  new  installations  underway  in  San  Francisco, 
where  the  TNA  will  bo  run  by  tlie  airport  for  Uie 
beneftl  of  all  carriers  using  that  facility.  This  mode 
of  operation  is  likely  to  ensure  Ivighcr  system 
utilization. 

3.3  Handling  of  Suspect  Bags 

1110  central  issue  in  each  of  tlio  scenarios  described 
above  i.s  the  handling  of  alarms.  Obviously,  there  is 
a  limit  to  what  can  be  done  by  a  machine  and  there 
is  always  a  point  at  which  the  responsibility  must 
pass  to  a  human.  As  mentioned  earlier,  in  Gatwick 


the  ^ftprosch  wu  to  have  every  alarm  hand  aeardied. 
At  otto  sites  it  was  left  to  a  security  screener  to 
exercise  judgment  as  to  \riietto  to  clear  a  suspect 
bog  or  whether  to  conduct  a  hand  search.  In  a  l(^y 
scenario,  passengers  are  readily  available  and  having 
them  open  their  bags  involves  little  incooveoieiKe. 
In  s  tarmac  scenario,  on  the  otto  hand,  getting  a 
passenger  to  open  his  bag  can  be  more 
complicated".  The  reactions  of  passengers  that 
were  called,  was  positive.  In  noost  cases,  the  called 
passengers  expressed  their  appreciation  of  thia 
security  measure. 

In  most  European  countries  where  methods  of 
security  are  different,  stopping  and  hand  searching  up 
to  40%  of  the  passengers  is  quite  common.  Thus, 
having  these  40%  undergo  TNA  interrogation  and 
hand  searching  only  35%  of  these  (14%  of  the 
original  total),  presents  a  great  improvement  in  terms 
of  manpower  and  time  requirements. 

4.  CONCLUSIONS 

The  experience  gathered  thus  far  from  the  TNA 
deployment  clearly  demonstrates  that  high  tech  based 
EDS  can  function  effectively  in  a  real  airport 
environment  without  causing  disruptions.  Even  the 
added  complications  emanating  from  the  use  of 
radioactive  materials  in  the  public  domain  did  not 
affect  the  implementation.  A  lot  depends  <m  the 
actual  method  of  implementatioa,  and  each  of  the 
scenarios  described  has  its  pros  and  cons.  In 
particular,  an  additional  benefit  of  the  lobby  scenario 
is  the  deterrent  effect  due  to  its  very  presence.  The 
main  argument  raised  against  lobby  installatioos  is  the 
scarcity  of  space. 

As  a  last  word  of  cautioo,  ooe  should  bear  in  mind 
that  any  technology,  TNA  iiKluded,  is  only  a  tool. 
Like  any  tool,  its  usefulness  and  effecliveoeta  are 
directly  related  to  the  way  it  is  used.  Judicious  uae 
of  TNA  as  a  part  of  a  comprehensive  aecurity  syitem 
based  on  a  blend  of  a  variety  of  indepeodeot 
methods,  each  compeosating  for  the  otto’s 
weaknesse.s,  is  probably  the  most  effective  way  of 
achieving  the  goal  of  fool-proof  security.  A  key 
feature  that  makes  TNA  an  ideed  candidiOe  for  such 
a  system  is  its  automated  mode  of  operattoo  (with  no 
reliance  on  humans).  This  minimizes  the  likelihood 
for  human  error  and,  in  view  of  the  huge  amounts  of 
items  to  be  inspected,  turns  an  unmanageable 
problem  into  ooe  that  can  be  reasonably  bandied.  In 
major  airports,  wtoe  the  imeroational  traffic  load  is 
high  (e.g.,  JFK,  Heathrow  or  Miami)  an  EDS  that 
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does  not  possess  the  capability  of  fully  automatic 
decision  making  will  be  of  limited  use,  regardless  of 
its  performance  level.  Rural  airports,  on  the  other 
hand,  where  the  total  number  of  international 
passengers  is  small,  can  cope  well  with  security  by 
manual  methods,  and  are  not  likely  to  require 
automatic  systems. 
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NOTES 

1 .  Under  "operational  logic"  we  cover  different 
facets  of  the  TNA  operation.  Among  others 
these  include  the  following: 

•  System  pUcemenl  (tannac  versus 
lobby) 

•  Passengers  selection  prooe^ 

•  Baggage  processing 

•  Handling  of  suspect  bags 

2.  Exlcmivc  radiation  safety  evaluation  of  TNA 

both  by  the  Iteallh  authorities  of  the  Slate  of 
California,  where  the  systems  are 

manufactured,  and  by  the  Nuclear 

Regulatory  Comini.s.sion  (NRC)  a.sccrtaioed 
the  safety  of  TNA  (soo  njfs.  {31,(4)). 


3.  Note  that  the  JFK  system,  like  all  the  EDS 
units  ordered  by  the  FAA,  is  augmented  by 
an  add  on  X-ray  unit.  The  X-ray  part, 
designed  to  help  in  resolving  ambiguous 
cases,  does  not  constitute  an  integral  part  of 
the  basic  TNA  configuration.  The  overall 
area  required  by  tliis  system  therefore,  is 
significantly  larger  than  that  of  a  basic 
TNA. 

4.  The  trade-off  between  detection  and  alarm 
rates  has  processing  rate  implications. 
Alarms  must  be  examined  and  resolved. 
The  resolution  of  alarms  can  be  labour 
intensive  (manual  searches)  or  technology 
intensive  (X-ray  techniques  involving 
sophisticated  image  processing).  Europeans 
typically  opt  for  manual  techniques,  whereas 
technology  solutions  are  preferred  in  the 
USA.  Costs,  resulting  disruption  to 
passenger  flow,  and,  of  course,  system 
efficacy  all  must  be  considered. 

5.  Early  in  the  program  it  became  apparent  that 
a  single  technology  based  EDS  would  not 
suffice  to  cope  with  the  threat.  Rather,  it 
was  established  that  a  comprehensive 
security  system,  employing  a  multi¬ 
technology  ba.scd  EDS  as  well  as  additional 
methods  would  be  a  better  approach.  TNA, 
although  ideally  suited  to  be  at  the  center  of 
such  a  system,  cannot  provide  the  ultimate 
answer  by  itself. 

6.  When  time  permitted,  bags  that  had 
triggoied  the  TNA  alarm,  were  re-run 
through  the  system  with  the  specific  item 
that  had  been  marked  os  suspect  by  the  TNA 
removed.  In  all  cases  the  alarm  was  not 
proraptol  during  this  additional  pass.  Since 
this  entailed  opening  the  bag,  it  was  always 
done  in  the  passenger’s  pr^cnce. 

7.  Every  alarm  must  bo  regarded  as  a  genuine 
threat  and  handled  accordingly.  Usage  of 
the  term  *fal.se  alarm"  which  ha.s  bocn  very 
popular  in  the  media,  could  lead  to 
complacency. 

8.  It  should  be  .slrcs.scd  that  setting  the  TNA  to 
a  given  threat  level  docs  not  mean  that  it 
will  not  be  able  to  detect  sntaller  amounts  of 
explosive.  It  mean.s  that  the  unit  is 
calibrated  to  obtain  optimal  results  (in  icnns 
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of  its  PD  and  PFA)  for  this  threat  level. 
Setting  a  TNA  unit  for  a  differs!  threat 
value  without  modifying  the  calibration  at 
the  same  time,  results  in  a  less  than  optimal 
performance  level. 

In  lab  experiments,  TNA  successfully 
detected  amounts  of  explosives  less  than  one 
toith  of  the  full  threat  level  as  defined  by 
the  FAA  at  the  start  of  the  program. 

9.  It  should  be  noted  that  by  abandoning  the 
”fail  safe*  approach  mentioned  earlier,  one 
can  reduce  significantly  the  number  of 
alarms.  However,  the  consequences  of 
missing  a  real  threat,  no  matter  how  remote 
its  likelihood  is,  are  too  severe  to  permit 
relaxing  this  requirement. 

10.  The  following  US  carriers  operate  from 
Gatwick:  American  Airlines,  G)ntinental, 
Delta,  Northwest,  TWA  and  UsAir. 
Although  at  the  beginning  TNA  was  used 
only  to  scan  luggage  of  passengers  of  these 
carriers,  this  attitude  changed  in  time.  At 
present  non-US  carriers  account  for  more 
than  half  of  the  bags  inspected  by  the 
system. 

11.  Due  tc  potential  liability  issues,  the  airlines 
personnel  are  reluctant  to  open  passenger 
bags  not  in  the  presence  of  the  owners. 
Also,  in  the  event  of  a  real  bomb  which  may 
be  booby  trapped,  it  is  safer  to  have  the 
passenger  handle  his  own  luggage. 

APPENDIX 

EDS  Performance,  PD  -  PFA  Relation 

Derivation  of  PD  -  PFA  curves  like  the  ones  ^own 
in  Figure  3  for  an  EDS  is  a  straightforward 
procedure.  The  actual  calculations  though,  may  be 
quite  involved,  particularly  when  the  decision 
algorithms  used  cannot  be  expressed  in  simple 
mathematical  formulae.  The  curves  of  Figure  3  were 
obtained  in  the  following  way.  A  large  number  of 
bags  were  run  through  the  system  and  the  various 
features  used  by  the  decision  algorithm  were 
measured  and  recorded.  The  detection  and  the  false 
alarm  rates  were  then  calculated  with  the  threshold 
for  distinguishing  "suspect*  bags  from  'clean*  ones 
set  at  a  given  value.  These  calculations  were 
repeated  modifying  these  threshold  each  time.  Each 


calculatirm  produced  one  point  on  the  curve.  The 
bags  used  had  been  purchased  from  the  "unclaimed 
bags*  stock  of  diffiMent  airlines,  llie  bags’  contents 
were  left  intact  and  explosive  simulants  were  insoted 
into  some  of  the  bags.  The  use  of  real  passengers’ 
luggage  msures  dtat  the  background  encountered 
rq>licate8  die  one  expected  in  the  rmd  world. 
Different  curves  are  produced  by  varying  the  sizes  of 
the  simulants  used.  Although  there  are  diflerences 
between  different  EDS,  the  general  charactmisdes  are 
common  to  all  systems: 

•  The  alarm  rate  increases  with  the  detection 
rate. 

•  At  lower  threat  levels  the  alarm 
rate/detectioa  rate  deteriorates. 

For  a  single-feature  based  EDS  (e.g.,  X-ray  devices 
that  measure  only  the  overall  density),  it  it  very  easy 
to  build  a  PD  -  PFA  curve.  Use  of  several  features 
nukes  the  calculadons  mote  complex,  but  dwie  is 
more  scops  for  fine  tuning  (calibrating  to  obtain 
optimiil  performance  from  the  system. 
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Table  I 


TNA  Systems  Performaace  Statistics 


Site 

Operating  Days 

Total  #  of  Bags 

Alarm  Rate 

I  JFK 

745 

135,000 

<15% 

Miami 

275 

68,500 

<20% 

Gatwick 

427 

286,000 

<40% 

Dulles 

335 

78,500 

<10% 

Saudi  Anbia 

35 

17,000 

<45% 
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Detection  Rate  (PD) 


Alarm  Rate  (PFA) 


Figure  3.  FD  -  PFA  "Trade  Off"  curvee 
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1.  INTRODUCTION 

Terrorist  bombs  have  been  planted  in  passenger 
compartments  os  well  as  luggage  compartments  of 
airliners.  To  guard  against  terrorist  bombing  attacks 
by  this  route,  passengers  as  well  as  luggage  should  be 
screened  for  explosives.  Under  contract  to  the  U.S. 
Department  of  Transportation,  Thermedics  has 
developed  SecurScan,  a  prototype  portal  system  for 
screening  airline  passengers  for  explosives,  and  has 
carried  out  limited  airport  testing.  SecurScan  is  an 
integrated  system  consisting  of  a  personnel  sampling 
portal,  a  preconcentrator  for  explosives  vapor, 
particulate,  and  aerosol,  and  a  fast  OC  / 
chemiluminescence  module  for  sensitive  and  selective 
detection  and  analysis  of  explosives.  This  paper 
discusses  design  considerations  for  efficient  sampling 
of  explosives  from  human  subjects  in  an  airport 
environment. 

For  the  sampling  portal,  the  essential  functional 
criteria  inclu^  sailing  effectiveness,  acceptable 
human  factors,  and  passenger  throughput.  General 
design  considerations  and  their  specific 
implementation  in  the  SecurScan  portal  system  an 
discussed  below. 

2.  GENERAL  DESIGN  CONSIDERATIONS 

The  sampling  procedun  must  be  performed  on 
human  subjects  of  varying  size,  sex,  age,  and 
clothing  style.  Explosive  devices  may  be  cmied  in 
pockets,  or  attached  to  the  body  and  hidden  under 
clothing. 

Trace  quantities  of  explosives  must  be  extracted  from 
the  body  or  clothing  of  the  subject  and  delivered  to  a 


chemical  analysis  ^stem.  hi  principle,  this  could  be 
done  with  a  lumd-Iield  probe.  However,  by  analogy 
with  metal  detectors,  this  iq^iroach  would  be  too 
slow,  invasive,  and  labor-intensive  for  initial 
screening  applications.  Theiefbn,  an  automated 
portal  screening  system  is  the  preferred  apfuoadi. 

In  an  air-coiq>Ied,  automated  portal  system,  the 
sanqile  is  collected  without  the  need  for  physical 
contact  with  the  body  or  clothing  of  the  subject.  The 
sampling  process  involves  two  essential  st^s: 
extraction  of  explosives  from  the  subject  into  a 
sampling  air  stream,  and  tran^rt  to  a  collection 
device  via  the  air  stream. 

When  an  explosive  device  is  hidden  underneath  a 
subject’s  clodiing,  trace  quantities  of  exploaive  are 
transferred  from  the  exploaive  device  to  t^  air  qtace 
near  the  device,  and  to  acjjaceat  cloth  surfacaa.  The 
trace  quantities  released  may  be  in  the  form  of  vapor, 
paiticdate,  or  aeroaol.  Evaporatioa  is  fiihanoed  by 
temperature  and  by  air  movement.  As  clodiing  rube 
Bgainst  the  explosive  device  during  normal  body 
movement,  particulate  ia  teleaaed  by  abnaioa  and 
electroatatic  effects. 

With  time  end  normal  body  movement,  tracea  of 
explosive  in  the  form  of  vapor  or  particulate 
accunnilate,  either  in  the  air  4)aoe  beneafo  tihe 
clothing,  or  adhering  to  hair,  ildn,  or  clothing. 
Passive  transfer  of  traces  of  explosive  into  foe 
sampling  air  stream  occurs  only  slowly  by  diffosion 
and  normal  body  movement.  Active  extraction 
techniques  such  as  infra-red  heating  and  air  jet 
impingement  must  be  used  to  enhance  the  rate  of 
release  into  foe  eir  stream,  and  increase  foe 
effoctiveneu  of  foe  overall  oampUng  process. 
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The  sajupling  air  stream  receives  the  explosives 
released  by  the  extraction  process,  and  transfers  this 
material  from  the  immediate  vicinity  of  the  subject  to 
a  collection  and  pre-concentration  device. 

The  extraction  process  and  the  sampling  air  stream 
must  be  designed  to  satisfy  human  factor  and 
passenger  flow  requirements.  Both  processes  must 
accommodate  human  subject  variables  such  as  subject 
size,  type  of  clothing,  and  site  of  concealment  of  the 
explosive  device.  These  processes  must  also  be 
quick,  taking  only  a  few  seconds,  and  must  be 
acc^table  in  terms  of  human  comfort,  aesthetics,  and 
safety.  The  air  stream  must  transfer  the  sample  to 
the  pre-concentrator  without  major  losses  due  to 
sticking  of  sanqile  on  duct  walls. 

3.  SECURSCAN  SYSTEM 

The  design  approach  for  the  prototype  SecurScan 
portal  is  discussed  in  this  section.  A  schematic  view 
of  the  portal  is  shown  in  Figure  1.  In  operation,  the 
subject  stands  in  portal,  and  an  array  of  infra-red 
heaters  and  air  jets  stimulates  the  release  of  traces  of 
explosive  into  a  sampling  air  stream.  The  air  stream 
carries  the  sample  through  funnels  and  ducts  to  a  pre¬ 
concentrator. 

4.  EXTRACTION  PROCESS 

Active  extraction  of  explosives  by  infra-red  heating 
and  air  jet  impingement  is  discussed  in  this  section. 

Infra-red  heaters  are  used  to  raise  the  temperature  of 
the  outer  surface  of  the  clothing,  thereby  increasing 
the  vapor  pressure  of  any  explosives  that  may  be 
present  on  the  outer  surface.  A  20-degree  rise  in  the 
surface  tenqrerature  produces  a  32-fold  increase  in 
the  vapor  pressure  of  PETN.(Dionne  et.  al.,  1986) 
To  minimize  the  perceptual  impact  on  the  subject,  the 
heaters  are  designed  to  emit  energy  in  the  infra-red 
region,  with  little  or  no  output  in  the  visible  region  of 
the  optical  spectnun. 

Air  jet  impingement  extracts  traces  of  explosive  by  a 
number  of  mechanisms.  As  the  air  jets  agitate  the 
clothing,  particulate  is  shaken  loose  into  the  sampling 
air  stream.  The  air  jets  cause  a  pumping  action  of 
the  clothing  that  pushes  air  out  from  beneath  the 
clothing,  along  with  vapor  and  particulate  contained 
in  that  air.  Air  jet  impingement  strongly  enhances 
evaporation  from  surfaces  of  the  explosive  device, 
and  from  traces  of  explosive  adhering  to  skin,  hair, 
and  clothing.  A  quantitative  treatment  of  evaporative 


transport  of  RDX  by  air  jet  impingement  appears  in 
Fine  &  Achter,  1991. 

5.  SAMPLING  AIR  STREAM 

The  function  of  the  sampling  air  stream  is  to  carry 
traces  of  explosive  from  the  subject  to  the 
preconcentrator.  In  principle,  the  air  flow  direction 
can  be  horizontal,  vertically  upward,  or  vertically 
downward.  Vertical  flow  in  either  direction  leads  to 
a  longer  air  flow  path  from  the  subject  to  the  pre¬ 
concentrator.  Upward  flow  causes  the  skirts  of 
female  subjects  to  billow.  Downward  flow  can  clog 
the  pre-concentrator  with  excessive  debris  from 
shoes.  Therefore,  the  horizontal  direction  was 
selected. 

The  portal  is  equipped  with  an  array  of  air  collection 
fiumels.  A  suction  blower  mounted  downstream  of 
the  pre-concentrator  is  used  to  pull  room  air  past  the 
subject,  through  the  fvmnels,  and  through  the  pre- 
concentrator.  At  the  flow  rate  of  380  liters  per 
second,  the  air  in  the  vicinity  of  the  human  subject  is 
completely  exchanged  in  about  2  seconds.  The  air 
flow  pattern  has  been  optimized  so  that  vapor 
released  near  any  part  of  the  subject’s  body  -  front, 
back,  waist,  head,  legs,  -  is  swept  into  the  funnels 
and  collected. 

The  air  flow  pattern  was  studied  by  computer 
modeling  using  FLUENT,  a  general  purpose  program 
for  fluid  flow  that  solves  continuity,  momentum,  and 
energy  equations  (Creare,  Inc.).  Figures  2  and  3 
show  computed  air  velocity  contours  for  a  small 
subject  and  a  large  subject,  respectively.  The  air 
flow  pattern  is  robust  on  the  sides  of  the  subject  and 
along  the  walls  of  the  enclosure.  A  stagnation  zone 
at  the  front  of  the  subject  is  broken  up  using  the  air 
jet  puffers,  which  are  not  shown  in  the  figures. 

6.  HUMAN  FACTORS  AND  INDUSTRIAL 
DESIGN 

The  industrial  design  of  the  portal  was  developed  in 
conjunction  with  Design  Continuum,  Inc.  The 
objectives  were  to  provide  an  aesthetic  design  that  is 
attractive  and  looks  like  it  belongs  in  an  airport,  and 
to  minimize  the  negative  impact  of  the  heaters, 
puffers,  and  funnes,  and  problems  associated  with  a 
small,  confined  space.  A  photograph  of  the  portal  is 
shown  in  Figure  4. 


428 


As  the  sttlgect  i^)(Htwdw8  the  poital,  «  pioxiiai^ 
secsor  turns  on  some  of  die  puffers  to  give  die 
sulgect  tiiDB  to  become  accustomed  to  the  sound  of 
the  puffers.  When  the  subject  enters  die  portal, 
idiotoelectric  sensors  measure  the  subject’s  hei^t  and 
turn  off  all  puffers  above  shoulder  height,  to  av<^ 
puffing  in  the  subject’s  face. 

The  funnels  at  the  end  of  the  portal  may  i^ipear 
threatening.  To  hide  them,  the  funnels  and  associated 
panels  are  painted  black,  and  a  light  blue  mesh  is 
installed  in  front  of  the  funnels.  The  percqitual 
effect  is  that  the  eye  is  drawn  to  the  light  colored 
mesh,  and  the  black-painted  structures  behind  die 
mesh  are  hardly  noticed. 

As  part  of  the  design  study,  the  possibility  of 
incorporating  a  metal  detector  was  explored.  Once 
the  metal  detector  was  considered,  a  design  evolved 
in  which  an  opaque  metal  detector  arch  op^  into  a 
transparent  section  n^  the  back  of  the  portal.  The 
aesdietic  effect  is  a  light  at  the  end  of  the  tunnel  that 
beckons  and  aesthetically  draws  a  person  into  the 
portal.  In  design  experiments,  when  the  opaque  roof 
of  the  metal  detector  was  removed,  or  the  metal 
detector  section  was  removed  entirely,  the  effect  was 
lost  and  the  portal  became  neutral  rather  than 
inviting. 

7.  TEST  EXPERIENCE 

In  August  and  Sqitember  1988,  laboratory  tests  at 
Thermedics  demonstrated  that  the  SecurScan  system 
could  detect  a  broad  spectrum  of  explosives  hidden 
under  clothing.  In  October  1988,  the  SecurScan 
portal  was  installed  at  Boston’s  Logan  Airport,  and 
preliminary  field  testing  was  carried  out.  The 
purpose  of  this  testing  was  to  operate  the  equipment 
in  a  real-world  eavironment  for  the  first  time,  to  test 
whether  ambient  background  conditions  associated 
with  passengers,  feels,  or  engine  exhaust  would  cause 
false  alarms  or  serious  maintenance  problems,  and  to 
assess  the  willingness  of  the  public  to  eater  the 
portal. 

People  walking  through  the  airport  concourse  were 
asked  to  enter  the  portal  on  a  voluntary  basis,  and 
over  2000  tests  were  performed.  The  felse  positive 
rate  for  this  testing  was  less  than  0. 15  %. 

Public  reaction  to  the  portal  was  generally  favorable. 
With  few  exceptions,  people  went  into  the  portal 
smiling  and  came  out  smiling.  There  were  frequeet 
coouneott  about  the  heaters.  However,  most  people 


readily  accepted  die  explanation  that  the  heat  helps  to 
detect  vapors,  and  geimally  found  the  heat  only  a 
minor  nuisance. 

Thne  were  no  otgectiaiu  to  die  force  of  the  puffing, 
aldiough  a  number  of  people  commented  on  ^  noise 
of  the  puffer  scdenoids  •  a  problem  that  can  be  easily 
corrected  in  future  designs. 

Pe(^le  did  adc  udiedier  die  portal  was  safe,  and 
alnmst  everyone  accepted  die  explanation  that  "you 
will  feel  heat  and  puA  of  air.  There  are  no  x-rays 
or  odier  harmful  nidiatinn,  and  the  proceaa  is  entirely 
safe.' 

Aesthetic  reactions  to  die  design  were  positive. 
People  commented  dtat  die  portal  looked  very  nice 
and  feturisdc,  and  diat  it  looked  like  it  belonged  in  an 
airport.  Frequent  comments  wore:  U  that  a 
telqwrtadon  booth,  or  the  Orgaimatnn  from  die 
Woody  Allen  movie? 

After  the  preliminary  field  test  at  Logan  Airport, 
additiixial  research  was  performed  to  die 

system’s  sensitivity  to  piaabc  fixploaivee.  The  ability 
to  detect  plastic  eiqiloaivea  hidden  under  doduag  was 
demonstirUed  by  extensive  laboratory  leatii^  in  1989 
and  1990. 

8.  CONCLUSIONS 

The  essential  ftmcdonal  criteria  for  an  exploatvas 
detection  portal  for  airpoit  uae  include  effective 
detection  of  exploeivee,  acceptable  human  factors, 
and  acceptable  througlqwt  of  passengers.  Baeed  on 
airport  testing  an<l  laboratory  tesdag,  the  prototype 
SecurScan  system  meets  ol^ecdves  for  delect 
capability  and  human  fiicUas.  lacrMsea  in  paaaengfr 
tbrou^iput  are  needed  and  can  be  achwved  by 
engineering  devdopmeat 
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1.  INTRODUCTION 

The  goal  of  th’s  project  is  to  execute  a  proof-of-concept 
nuclear  quadrupolar  resonance  (NQR)  detection  of 
explosives  and,  further,  to  explore  NQR  techniques  in 
the  laboratory  in  sufficient  detail  so  that  we  can  provide 
realistic  design  criteria  for  an  NQR  prototype  fieldable 
at  an  airport.  Experimental  guidelines  are  the  detection 
of  sub-kilogram  quantities  of  explosives  within  6 
seconds  with  a  detection  probability  of  99  %  and  false 
alarm  rate  no  greater  than  1%  for  RDX.  We 
concentrate  on  RDX-based  explosives  since,  on  the 
basis  of  published  data  (i),  RDX  is  (one  oO  the  most 
favorable  explosives  to  detect  by  NQR.  Our  prinutry 
focus  is  a  detector  for  checked  baggage,  but  we  also 
consider  NQR  for  potential  application  to  examining 
people.  For  a  suitcase  size  detector,  the  goal  is 
detection  of  sub-kilogram  quantities  of  explosives,  and 
a  lower  detectable  quantity  for  people  scanning. 

2.  BACKGROUND 

NQR  is  particularly  attractive  to  the  problem  of 
explosives  detection  as  the  '^N  NQR  absorption 
frequencies  from  crystalline  materials  am  virtually 
unique  ai>d  hence,  by  looking  for  the  nitrogen  signal  at, 
say,  the  RDX  NQR  frequency,  only  those  nitrogens  in 
RD'C  v.'ill  bo  detected.  Hence  wo  do  not  expect  that 
sy'-tenutic  false  alarms,  duo  to  ‘iotorfcrences’,  will  be 
a  problem  with  an  NQR  explosives  detector.  A  scan  of 
the  10,000  compounds  which  have  been  examiited  by 
NQR  fails  (c  show  any  other  NQR  resonances 
sufficiently  near  to  RDX.  This  .specificity  feature 
hould  1)0  contrasted  with  nuclear-hasod  techniques,  for 
which  all  nitrogen  cro.ss-sectioos  are  the  satoe, 
independent  of  the  chemical  composition  of  the 
material. 

NQR  would  detenuinc  (ho  presence  of  other  classes  of 
explosives  (e.g.,  PETN)  by  examination  at  the 
corresponding  PETN  frequency.  In  principle,  such 


examiiutioa  could  be  performed  esaeatially 
simultaneously  with  die  RDX  inqiectioo,  b«R 
implemeatadon  of  such  technical  d^aila  is  not  a  tnqjor 
goal  of  this  project. 

‘Pure’  NQR  is  the  examinatioa  of  nuclei  with  nuclear 
quadrupolar  moments  in  the  absence  of  a  static 
magnetic  field.  Hence,  in  addition  to  its  specificity,  a 
second  advantage  of  NQR  is  that  no  magnet  is  required, 
in  contrast  to  nuclear  magnetic  resonance  (NMR) 
methods.  Hence  damage  to  magnetically  recorded 
material  is  avoided  in  NQR;  (here  ia  no  exposure  of 
large,  static  magnetic  fields  to  penonnel;  and,  without 
the  magnet,  the  costs  are  lower  than  for  an  NMR 
system. 

There  are  some  inheready  unattractive  features  of  NQR 
which  must  be  addressed  for  a  su^ewful  NQR 
explosives  detector.  NQR  signala  are  weak  and  are 
generally  below  the  level  deteimiaed  by  the  random 
electriciJ  noiae  in  the  radiofeequeocy  (BJO  cod  which 
detects  the  sigaa].  The  sigoal-to-ooiae  ratio  is  iacnaMd 
by  repeating  the  experiment  as  rapidly  u  possible  and 
adding  up  remits:  the  signal-to-ooiae  ratio  improves 
by  the  square  root  of  the  number  of  repetitions.  The 
maximum  rate  at  which  the  experiment  can  be  repeated 
is  generally  determined  by  tto  spin-lattice  relaxation 
time,  T,,  typically  in  the  range  10  -  1000  ms  for  '*N 
NQR.  Hence,  under  a  conventional  approach,  the 
maximum  signal,  corresponding,  to  the  equilibrium 
magnetization,  is  generated  in  a  tinte  greater  or  equal  to 
T,.  We  employ  a  particular  RF  pulse  sequence,  a 
strong,  off-resonance  comb  (SORC)  of  pulses  (2-3), 
which  produces  an  NQR  signal  about  equal  to  one-half 
of  the  equilibrium  magnetization  but  in  a  time 
comparable  to  the  spio-cpia  relaxation  time,  T,,  on  the 
order  of  1-10  ma. 

We  are  also  examining  the  potential  of  NQR  as  a 
people  scanner.  A  very  intriguing  type  of  suifeoe  coil 
is  (be  ‘mesuderiine’,  for  which  the  RF  cuneiits 
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meaoQtT  duck  anu  luriii  m  n  ic^uim  oitajr  vi 

conductors  (4).  We  had  earlier  examined  the 
meanderline  RF  coil  and  demonstrated  for  the  first  time 
its  use  in  NQR  (3).  A  particular  advantage  of  the 
meanderline  is  that  the  RF  field  intensity  falls  off  very 
rapidly  away  from  the  surface  of  the  coil.  We 
anticipate  that  an  NQR  people  scanner  could  be 
constructed  with  a  meanderline  which  has  sufficient 
sensitivity  to  see  an  explosive  on  the  human  body,  but 
does  not  deposit  significant  RF  power  into  the  body. 

3.  IMPLEMENTATION  AND  RESULTS 

Figure  1  shows  part  of  a  full  scale  proof-of-concept 
NQR  explosives  detector  for  airline  baggage  that  has 
been  designed  and  built  at  the  Naval  Research 
Laboratory.  The  300-liter  (10  ft^)  radio  frequency  (RF) 
coil  sits  inside  a  screened  cage.  To  the  left  of  the  cage 
are  the  RF  amplifier  and  receiver;  the  PC-based 
controller  and  data  system  are  at  the  far  left.  In  a 
commercially  built  system  the  electronics  can  be 
constructed  more  compactly  than  in  this  laboratory 
version. 

The  contents  of  the  suitcase  in  Figure  1  illustrate  some 
advantages  of  NQR  for  explosives  detection.  No  large 
magneuc  field  is  required,  so  magnetic  media  (disks 
and  credit  cards)  are  not  corrupted.  The  presence  of 
fenomagnetic  material  (steel,  electric  shavers)  does  not 
interfere  with  the  inspection.  Electronics  can  be  safely 
inspected.  Due  to  the  high  chemical  .specificity  of 
NQR,  other  nitrogenous  materials,  such  as  nylon, 
polyurethane  or  nitrile  rubber,  do  not  proiluce  a  signal. 

We  have  not  yet  optimized  either  the  hardware  or  the 
detail.s  of  the  NQR  pulse  sequence.  We  elected  to 
freeze  the  implementation  of  the  NQR  explosives 
detector  at  a  reasonable,  though  not  optimal,  operating 
condition  and  perform  a  series  of  benchmark  te.sts  to 
evaluate  jierformance  tinder  laboratory  conditions. 
Rather  than  challenging  the  system  with  thousands  of 
different  bags,  each  with  different  contents,  we 
employed  only  one  arbitrary  suitcase  geometry:  no 
attempt  was  made  here  to  look  for  systematic 
variations.  Table  1  pre.sents  these  abbreviated  test 
results  which  indicate  the  capability  of  the  NRL  NQR 
explosives  detector,  but  do  not  represent  a  definitive 
lest  of  tlie  teclinology  or  the  system. 

In  Table  1  the  *  Alarm/No  MarnT  determination  is 
ba.scd  on  a  pre.sel  threshold  value,  set  to  give  a  I  % 
false  alarm  rate  for  the  empty  detector.  The  detection 
rate  is  reported  as  99+  %;  no  mis,sed  detections  were 


av/a  vaavkTw  ^  - - - - 

indeed  strictly  Gaussian,  a  detection  rate  of  99.99% 
would  be  anticipated  from  the  signal-to-noise  ratio 
under  these  conditions. 

The  performance  of  the  detection  system  can  be  better 
understood  by  examining  the  distributions  (Figure  2)  of 
the  actual  intensities  of  the  NQR  signals  under  these 
four  test  situations;  (a)  empty;  (b)  RDX  only;  (c) 
suitcase  and  contents;  (d)  suitcase,  contents  and  RDX. 
For  each  condition,  the  6-second  scan  was  repeated  for 
either  400  or  ’.000  trials.  For  clarity,  the  areas  of  each 
distribution  are  normalized.  Also  shown  is  the 
threshold  value,  set  to  produce  a  1  %  false  alarm  rate 
for  the  empty  detector.  This  overall  test  examines  only 
the  random  noise  contribution  to  the  detector:  the 
variations  seen  in  signal  intensity  in  Fig.  2  reflect 
primarily  the  Johnson  noise  in  the  coil  and  preamplifier 
front  end.  Some  further  systematic  ’noise’  may  be 
anticipated  on  examination  of  a  large  set  of  differing 
bags  and  contents. 

In  Figure  2  note  that  the  signal  profile  for  the  empty 
detector  (a)  is  substantially  the  same  as  for  the  suitcase 
and  contents  (c):  there  are  no  interfering  NQR  signals 
from  benign  baggage  contents.  Further  note  that  the 
signal  intensity  distribution  for  RDX  alone  (b)  is 
comparable  to  the  re.sponse  for  the  RDX  with  the 
suitcase  and  contents  (d):  the  suitcase  and  contents  do 
not  mask  the  RDX  signal.  Finally,  the  substantial 
.separation  between  the  NQR  signal  respon.se  of  the 
’clean’  and  ’dirty’  bags  provides  a  very  high  detection 
probability  and  low  false  alarm  rate. 

4.  SUMMARY 

We  have  shown  that  nuclear  quadrupolar  re.st)nance 
(NQR)  provides  a  means  for  detecting  RDX-based 
explosives  in  a  full-size  suitcase  geometry. 

Advantages  of  this  approach  include: 

•  Sensitivity:  Sub-kilogram  qurmtities  of  RDX-ba.sed 
oxpU).sives  can  be  detected  in  suitcases. 

•  Specificity:  Becau.se  the  NQR  resonance  frequencies 
are  highly  specific  to  chemical  structure,  signals 
from  other  nitrogenous  materials  do  not  interfere. 

•  Throughput:  An  imspection  time  of  6  .seconds  is 
demonstrated  in  the  laboratory. 
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•  No  magnets  are  required  and  therefore  magnetic 
media  will  not  be  damaged. 

•  Radiofireqii^cy  (RF)  field  strengths  are  low, 
minimizing  RF  exposure  to  qperators  and  allowing 
the  possibility  of  examining  people  by  NQR. 

•  An  alarm  is  triggered  when  the  NQR  signal  from 
a  explosive  anywhere  within  the  NQR  “.F  coi! 
volume  exceeds  a  preset  threshold:  operator 
intervention  and  interpretation  are  ioinimal. 

•  The  apparatus  is  inherently  single,  comprising  RF 
electronics  and  a  computer  system. 

This  NQR  approach  has  been  demonstrated  for  RDX- 
based  explosives  in  a  laboratory  setting.  Extension  to 
detection  of  other  nitrogenous  explosives  carried  in 
luggage,  mail,  small  cargo  or  on  a  person  is 
anticipated.  The  technology  can  be  extended  to 
detect  certain  drugs  of  abuse.  As  envisioned,  such  an 
NQR  explosives  detector  could  be  useful  in  airport 
and  other  fixed  site  installations.  The  ai^raratus 
could  be  made  portable. 
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TABLE  1 


CONDITIONS 


Scan  time  (data  taking) 
Quantity  of  RDX  explosive 
Suitcase  and  ccnt^ts* 

NQR  detector  size 


6  seconds 
Sub-kilogram 
35  pounds  (16  kg) 
2  fe  (60  litere) 

10  ft’  (300  liters) 


SUMMARY  OF  RESULTS 


Specimen 

Number  of 

Alarm 

No  Alarm 

Detection  False 

Dials 

Rate  Alarm 

Rate 

Empty  (no  suitcase,  no  RDX) 

1000 

10 

990 

1.0% 

RDX 

400 

400 

0 

99+% 

Suitcase  aiid  contents* 

400 

3 

397 

0.75% 

Suitcase,  contents*  and  RDX 

400 

400 

0 

99+% 

*  Two  small  hardsided  nylon  lined  overnight  bags  were  used 

in  place  of  a 

single  large  suitcase.  Contents  were; 

2  hardcover  nooks 
electric  shaver 

computer  di;>keues 
aerosol  can 

flashlight 

2  horseshoe  magnets 

polyurethane 
(400g)  (125  g) 

steel  han'*~'  ;  NaN02 

1  liter  Perrier  water 

2  sweaters 

(75% 

man’s 

(2  kg) 

1  liter  methanol 

wool;  50% 

ramie) 

windbreaker 

hooded  sweatshirt 

nylon  fishing  line 

electronic  calculator 

(polyester/cotton) 

rubber  soled  shoes 
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EXPLOSIVE  DETECTION  USING  DIELECTROMETRY 


D.  Clint  Sewaid,  President, 
Spatial  Dynamics  Applications 

T.  Yukl,  Technical  Director, 
Spatial  Dynamics 


1.  DIELECTROMETRY  TECHNOLOGY 
REVIEW  AND  DEFINITIONS 

ITie  dielectrometer  detects  using  two  parameters: 
dielectric  constant  and  loss  tangent.  The  basis  for  the 
technology  and  for  the  existing  instruments  is  the 
patented  autenna/lens  combination  described  in  the 
referenced  patents'*^.  The  instrument  establishes  a 
standing  wave  of  microwave  energy  in  a  fixed  field 
configuration.  For  microwave  users,  it  can  be 
thought  of  as  doing  the  work  of  a  network  aiudyzer 
without  requiring  waveguides  or  probes.  As  such  it 
allows  a  wide  range  of  non-contacting  internal 
measurements.  This  technology  forms  the  basis  of 
existing  instruments  widely  deployed. 

As  a  brief  review,  the  dielectrometer  has  an 
anteima/lens  combination  that  establishes  a  fixed  field 
of  microwave  energy  in  front  of  the  instrument. 
Objects  which  enter  the  field  will  alter  the  field.  The 
microwave  energy  penetrates  non-metallic  objects  and 
produces  a  volumetric  reflection  coefficient.  From 
the  reflection  coefficient  can  be  calculated  dielectric 
constant  and  loss  tangent  information.  A  picture  of 
a  typical  dielectrometer  is  shown  in  Figure  1. 

The  dielectric  technology  can  detect  changes  in 
chemicals  and  materials  with  a  high  degree  of 
reliability.  In  many  cases,  such  as  finding  cocaine 
dissolved  in  seated  bottles  of  wine  and  liquor,  the 
detection  of  items  and  substances  has  proven  to  be  a 
definitive  GO/NO-GO  tester. 

Dielectric  technology  can  also  identify  detected  items 
on  a  limited  basis  at  present,  with  the  promise  of 
improved  identifications  as  the  technology  develops. 
This  is  possible  because  it  utilizes  two  distinctly 
different  parameters  for  detection;  dielectric  constant 
and  loss  tangent. 


1.1  DdioitiocB 

1.1.!  Dielectric  Constant  (E’):  the  ratio  of  the 
strength  of  an  electric  field  in  a  vacuum  to  that  in  a 
material  under  test  for  the  same  distribution  of 
charge^.  Phillipe  Robert’s  woric  describes  how 
dielectric  constant  is  the  summation  of  microscopic 
polarization  effects  from  electronic,  ionic, 
ori^tation,  and  interfacial  factors^.  Examples  are  air 
with  E’  =  1  and  water  with  E*  =  80. 

1.1.2  Loss  Tangent  (D):  (or  dissipation  fu;tor)  is 
the  ratio  of  the  loss  current  to  the  charging  current  in 
a  material  under  tesF.  Robert’s  work  describes  in 
detail  the  difference  between  polarization  dielectric 
loss  and  conduction  dielectric  loss*.  Examples 
:  lossless  materials  such  as  plastics  have  D  close  to 
zero.  Metals  are  lossey  and  have  an  infinite  loss 
tangent. 

2.  DIELECTRIC  DETECTION  OF  DRUGS  AND 
CONTRABAND:  CASE  HISTORIES 

2.1  Sununary  of  Detection  Guidelines  Based  on 
Field  Expaience^ 

2.1.1  Water  has  a  uniquely  high  dielectric  constant 
of  80,  and  absorbs  microwave  energy  very  well. 
(This  is  why  microwave  ovens  work  so  well).  Any 
substitution  for  a  water  based  item  is  an  easy 
detection.  All  fruits,  vegetables,  flowers,  meats,  and 
drinkable  liquids  are  water  based,  so  anything 
substituted  for  them  is  easy  to  detect  (drugs  or 
explosives,  for  example,  which  have  a  low  dielectric 
constant). 

2.1.2  Metal  reflects  microwave  energy  very  well, 
llius  it  is  easy  to  detect  metal  contraband  items. 

2.1.3  Dielectric  constant  is  similar  to  density,  so 
changes  in  density  will  be  detected  by  dielectric 
changes. 
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loss  tijigent.  Replacing  them  in  part  with  drugs  or 
explosives  will  enable  an  easy  detection. 

2.2  Best  Detection  Cases  to  Date 

2.2.1  Drugs  dissolved  in  beer,  wine,  whiskey  and 
other  water  based  fluids:  when  drugs  are  dissolved 
in  a  liquid,  the  microwave  absorption  is  greatly 
changed,  and  can  be  used  to  make  this  detection.  The 
M600  can  be  used  as  a  GO/NO-GO  tester  for  this 
application  since  the  detection  is  so  strong.  There 
was  a  well  publicized  case  in  1990  in  Miami  where 
the  M600  was  used  to  detect  cocaine  dissolved  in 
bottles  of  imported  soft  drinks. 

2.2.2  Liquid  explosives  in  bottles:  terrorists  have 
carried  liquid  explosives  in  sealed  wine  bottles. 
Visually  and  by  feel,  the  altered  wine  bottles  look  the 
same  as  normal  wine  bottles.  Dielectric  detection 
will  always  be  able  to  tell  the  difference  between  a 
normal  bottle  and  one  filled  with  liquid  explosive. 
The  dielectric  constant  of  petroleum  based  fluids  is 
about  2,  nitromethane  is  about  37  while  water  is  80. 
Testing  has  shown  the  microwave  absorption  change 
is  so  strong  this  is  a  GO/NO-GO  detection. 

2.2.3  Metal  Contraband:  drug  rurmers  recently  hid 
cocaine  in  a  metal  container  which  in  turn  was  hidden 
in  the  middle  of  a  flatbed  truck  loaded  with  ceramic 
tiles.  The  M600  tested  through  the  ceramic  tiles  and 
detected  the  metal.  Metal  is  an  excellent  reflector  of 
microwave  energy  and  as  such  will  give  a  strong 
respon.se.  This  same  detection  ability  enables  the 
M600  to  detect  weapons  hidden  in  any  non-metallic 
articles  due  to  the  microwave  absorption  and 
reflection. 

2.2.4  Drugs  hidden  in  frozen  blocks  of  fi.sh  and 
shrimp:  Displacing  ice  or  water  with  drug.s  will 
cause  a  strong  change  in  microwave  absorption. 

2.2.5  Drugs  hidden  in  fruits  and  vegetabiiw:  This  is 
an  easy  detection  since  both  the  dielectric  constant 
and  the  microwave  absorption  greatly  change  by  this 
substitution. 

2.2.6  Metal  pipes,  conduit,  reinforcing  burs:  these 
can  easily  Iw  uciected  since  metal  reflects 
microwaves  .so  strongly.  These  can  be  found  inside 
walls,  inside  concrete  structures,  underground. 

2.2.7  Chemical  Identification:  Chemicals  have 
different  dielectric  constants,  a.s  well  as  different 


properties  can  both  be  used  at  present  to  screen 
chemicals  for  further  tests  for  absolute  identification. 
This  technique  is  being  used  to  test  55  gallon  plastic 
drums  to  ensure  they  are  labeled  properly.  A  data 
base  of  chemical  responses  is  required  and  is 
obtained  with  simple  tests. 

3.  SCREENING  OF  PEOPLE  FOR 
EXPLOSIVES 

Work  has  been  done  to  demonstrate  the  proof  of 
concept  for  detecting  explosives  and  weapons  carried 
by  people  under  clothing.  The  theoretical 
considerations  for  this  application  will  be  discussed. 
Discussed  will  be  the  testing  done  to  date,  and  the 
outlook  of  what  needs  to  be  done  as  a  next  step. 

There  are  several  reasons  why  the  dielectrometer  is 
attractive  for  the  people  screening  application: 

First,  the  use  of  low  level  microwave  is  safe.  The 
dielectrometers  operate  at  energy  levels  1000  times 
le.ss  than  government  safety  standards  for  leakage 
from  kitchen  microv/ave  oven.s*.  Microwave  energy 
is  non-ionizing,  and  non-polluting. 

Secondly,  the  len.s/antenna  combination  of  the 
dielectrn meter  allows  for  full  penetration  of  clothing, 
even  wet,  heavy  winter  clothing. 

Third,  the  dielectrometer  detects  itents  even  if  sealed 
in  gla.ss,  plastic,  or  non-nretal  containers.  It  also 
detects  all  metal  containers. 

Fourth,  no  imiiging  or  operator  interpretation  is 
required.  Detection  is  made  on  the  ba.sis  of  dielectric 
effect,H  Ojwration  will  be  analogous  to  a  present  day 
metal  detector  which  finds  any  undixdared  metal 
almve  a  threshold  level.  With  the  dielectromcter  any 
undeclared  object  will  be  found,  whether  metal  or 
non-metal.  This  methr.'d  of  ofwration  potentially  will 
keep  traffic  flow  at  today’s  rates,  without  increasing 
the  numlrer  of  operators. 

A  first  prototype  sensor  has  been  built  and  te.sted  with 
interesting  initial  rusults.  Tliis  wtu  done  for  Sandia 
National  Laboratories.  'Ifte  .antenna  used  has  a 
patented,  elongated  parasitic  arr.ay  and  operates  at 
5400  MHz.  The  sensor  frequency  was  chosen  as  a 
tradeoff  between  the  depth  of  penetration  in  clotfling 
and  the  resolution  of  the  detection. 
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Clothing  tested  was  all  easily  penetrated  incliiding 
heavy  winter  coats  and  sweaters,  and  damp  clothing. 
Sensitivity  of  the  signal  remained  good  even  through 
the  clothing.  Detection  of  test  objects  was  nude 
through  the  clothing. 

The  purpose  of  the  elongated  parasitic  array  is  to 
shape  and  project  the  microwave  field  and  minimize 
reflections’.  A  field  was  designed  for  detection  of 
the  test  objects  under  clothing  in  the  range  from  2*  to 
20*.  Testing  coniinned  that  this  is  feasible. 

The  dielectrometer  was  designed  to  identify  the  test 
objects  as  well  as  to  detect  them.  The  objects  chosen 
were: 

Plastic:  2"  square  by  1/8’  thick. 

Metal:  2”  square  by  1/8"  thick. 

These  test  objects  could  be  detected  and  differentiated 
from  each  other  and  from  human  skin  at  a  range  of 
6‘  to  S*.  More  testing  needs  to  be  done  to  collect 
data. 

The  above  experimental  sensor  was  delivered  to 
Sandia  National  Laboratories  for  their  tests  and 
evaluation.  Testing  done  was  for  the  purpose  of 
verifying  proof  of  concept,  and  has  been  pronuaing. 
Engineering  work  to  move  the  technology  forward 
has  been  defmed  as  a  result  of  this  work. 

The  next  step  in  the  dieloclrom^  technology  will  he 
to  build  another  sensor  with  improvements  identified 
by  the  Sandia  work.  First,  it  will  be  necessary  to 
measure  distance  to  the  target  to  avoid  ambiguities. 
This  effort  appears  to  be  straightforward.  A  second 
effort  will  be  to  add  to  the  data  ba.<s8  of  responses  of 
explosives  and  normal  materials  since  there  is  little 
published  information  in  (his  area.  Piiully,  an  array 
of  sensors  needs  to  be  configured  for  a  portal. 

4,  DETECTING  EXPLOSIVES  USING  TI.MED 
DIELECTROMETRY 

A  now  extension  of  the  dielcctrometry  technology  has 
been  patented  to  provide  a  method  for  internal 
searches  of  bulk  materials  and  cargo.  It  utilizes  the 
basic  dicloclromcter  technology  to  measure  dielectric 
effects.  The  technique  adds  the  capability  to  measure 
in  timed  volumes.  1  his  allows  searches  by  analyzing 
the  object  under  lest  one  small  volume  at  a  time. 
Thus,  timed  dielectrometry  allows  a  three 
dimensional  search  and  malyata  from  one  aide  of  an 
objetft  under  test'”. 


4.1  Didedrometcr  vs.  Timed  Didectrometa* 

The  Dielectrometer  produces  a  nucrowave  field 
which  is  shown  schematically  in  Figure  2.  Using 
timing  circuits,  the  microwave  field  can  be  sliced  and 
analyzed  a  piece  at  a  time,  as  shown  schematically. 

4.2  Timed  Dieledrometry:  Desoriptioa 

A  didectrometer  is  uaed  to  transmit  microwave 
energy  in  1/2  wavelengths,  starting  and  stopping  at 
the  zero  crossings.  During  this  transmissioa  the 
receiver  is  turned  off.  At  the  end  of  the 
transmission,  the  receiver  is  turned  on  for  1/2 
wavelength  so  the  first  portion  of  the  reflection 
coefficient  can  be  captured.  The  receiver  ia  then 
turned  off.  The  result  ia  analyzed  by  conqwter. 

Rest  period:  the  dielectrometer  is  titen  turned  off  (see 
Figure  3)  for  a  rest  time  of  5  wavelengths  to  allow 
the  field  to  dissipate  and  foe  aystem  to  umm  to  rent 

A  second  transmission  is  completed  for  two  half 
wavelengths.  This  time  foe  receiver  ia  turaad  on  at 
the  end  of  the  tnasmisaioo  for  only  1/2  wavelength. 
Ibis  rubles  the  capture  of  the  aecood  portion  of  the 
reflt'ction  coefficient.  The  result  is  stored  in  the 
computer  and  analyzed. 

The  process  is  repealed  for  successive  tranaminioni 
and  analyses  until  foe  entire  ot^ocl  under  test  has 
been  analyzed  in  timed  slices.  At  that  time  the 
reflection  coefficient  of  each  slice  will  be  known. 

4.3  Timed  Dickctronxdry  Spedifleations 

Frequency;  600  MHz 
Dqith  of  penetration:  24  inches  or  more  in 
baggage. 

Wavelength;  20  inebee  in  air,  approximately 
10  inches  or  more  in  baggage. 

Reaolution:  Approximately  1  cubic  inch. 
Senaitivity;  Approximately  one  ounce  of  cocaine 
or  one  ounce  of  explosive. 

4.4  Responses  of  Matesiab  to  Timed 
Dictoctrametry 

4.4.1  ReqKnae  of  a  homogeneous  maierial:  A 
homogeneous  material  will  reapood  to  a  normal, 
uotimed  dielectiometer  as  shown  in  Figure  4.  The 
bomogeoeoua  matefial  will  give  foe  shown  respooM 
to  the  dielactroaeter  as  long  aa  foe  material  has  a 
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in  air  ibr  600  MHz). 

4.4.2  Response  of  different  dielectric  values:  Figuie 
5  shows  how  the  normal,  untimed  dielectrometer  will 
respond  to  different  materials.  Different  materials 
with  different  dielectric  constants  will  have  different 
responses  as  shown. 

4.4.3  Response  of  a  homogeneous  material  to  timed 
dielectric  interrogation:  If  a  timed  dielectrometer 
were  to  interrogate  a  known  homogeneous  material, 
each  slice  would  be  separately  evaluated.  A  response 
would  look  like  Figure  6. 

4.4.4  Mixture  of  Materials:  Response  or  a  mixture 
of  materials  to  a  timed  dielectric  interrogation  is 
shown  in  Figure  7.  For  ease  of  understanding,  we 
assume  one  slice  of  the  material  under  test  is  actually 
a  higher  dielectric  constant  material,  and  all  the  rest 
is  a  single  material. 

In  this  case,  the  actual  response  curve  will  parallel 
the  response  curve  of  the  single  material.  However, 
the  one  slice  of  a  different  material  will  cause  the 
response  curve  to  displace  as  shown.  It  is  this 
change  in  response  that  is  measured  and  evaluated  of 
successive  interrogations. 

4.5  Clarincatioiis 

4.5.1  Depth  of  analysis:  the  transmission  is  1/2 
wavelength.  This  allows  for  analysis  of  the  material 
in  1/4  wavelength  increments  since  time  of  two  way 
travel  must  be  considered.  The  1/2  wavelength  is  an 
arbitrary  selection  and  may  be  decreased  to  improve 
resolution. 

4.5.2  X,Y  resolution  is  enhanced  by  the  addition  of 
a  matrix  of  receivers  on  one  inch  centers  designed  to 
provide  analysis  and  identification  in  one  cubic  inch 
increments.  Increased  resolution  will  be  provided  in 
future  configurations  by  reducing  this  spacing. 

4.6  Timing  Diagram  fur  a  Timed  Diclectrometer 

4.6. 1  First  mea.surement 

4.6. 1.1  First  Transmis.sion:  At  initial  time  T,  a 
single  transmission  occurs.  This  is  a  1/2  wavelength 
transmission  (Figure  8). 


transmission,  the  receiver  is  gated  opened  for  1/2 
cycle.  The  receiver  will  get  only  information  from 
the  first  part  of  the  reflection  coefficient. 

4.6.2  First  rest  cycle:  once  the  reception  is 
complete,  a  rest  period  will  occur  until  all  reflections 
aie  ended.  This  is  designed  to  be  5  cycles. 

4.6.3  Computer  Analysis:  The  received  information 
is  sent  to  a  computer  for  storage  and  analysis.  The 
reflection  coefficient  of  the  first  reflection  are 
calculated,  then  stored.  In  this  way  the  first  timed 
slice  of  the  material  is  evaluated. 

4.6.4  Second  Measurement 

4.6.4. 1  Second  Transmission:  At  initial  time  T„a 
transmission  of  two  1/2  wavelengths  is  completed. 

4. 6. 4.2  Second  Reception:  At  the  end  of  the 
transmission  the  receiver  is  gated  open  for  1/2  cycle. 

4.6.5  Second  Rest  Cycle:  A  rest  period  of  5  cycles 
is  completed. 

4.6.6  Computer  Analysis:  The  received  information 
is  sent  to  a  computer  for  storage  and  analysis.  The 
reflection  coefficient  information  of  the  first  and 
second  slices  of  the  material  under  test  are  now 
knouTi. 

4.6.7  Successive  Transmissions:  In  the  same  way, 
successive  standard  transmissions  are  made  and 
analyzed.  Each  time  a  further  1/4  wavelength  of  data 
is  captured. 

5.  DISCUSSION  OF  IDENTIFICATION  USING 
DIELECTROMETRY 

5. 1  Identification 

Initial  testing  confirms  that  clas.ses  of  materials  can 
be  identified.  Plastics,  metals,  and  human  tissue  are 
three  cla.sses  of  materials  which  testing  verifies  have 
distinctly  different  responses. 

Further  testing  is  needed  to  determine  other  cla.s.ses  of 
identification.  There  is  very  little  in  the  published 
technical  literature  to  provide  E’  and  D  of  any 
materials  at  the  frequencies  of  interest.  Testing  to 
provide  this  information  is  not  difficult,  and  could  be 
accomplished  quickly. 
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5.2  Dielectric  Identification 

Some  field  work  has  been  done  to  indicate  that 
screening  and  identification  of  chemicals  using  E’  is 
possible.  The  "Handbook  of  Chemistry  and  Physics" 
lists  approximately  1000  nmterials  and  chemicals  by 
dielectric  constant".  This  is  an  indication  that  there 
is  a  wide  range  between  the  E’  of  chemicals  and 
materials. 

5.3  Loss  Tangent  Identification 

This  parameter  also  holds  promise  of  screening  and 
identification  of  materials.  It  is  a  separate  parameter 
from  dielectric  constant. 

5.4  Timed  dielectrometry 

This  will  initially  provide  screening  and  analysis  for 
each  individual  cubic  inch  of  an  object  under  test. 
Testing  a  small  volume  at  a  time  will  improve 
sensitivity  by  at  least  lOx.  Eventually,  this  test 
volume  will  be  reduced  further.  With  this 
information,  it  will  be  possible  to  screen  substances 
and  m^j«r.ure  two  separate  parameters,  improving  the 
ability  to  identify. 

6.  CONCLUSION 

Dieicctrometry  is  a  proven  technology  now  in 
operational  use  for  detecting  contraband  drugs. 
Testing  has  shown  the  technology  can  be  useful  for 
explosive  detection.  The  new  5400  MHz  sensor  has 
been  built  and  tested  with  promising  results,  and  a 
plan  to  move  forward  has  been  established.  Timed 
dielectrometry  is  a  further  extension  of  the 
technology,  and  has  the  promise  of  interrogating  a 
volume  in  small,  timed  volumes. 
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Figure  3.  Successive  a'^med  interrogations 


Figure  4*  Response  of  a  Homogeneous  Material 
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Depth  of  Material  — 


Figure  6.  Response  of  a  Boaogeneous  Material 
to  Timed  interrogation 


Amplitude  Response  in  Volts 


Figur*  7.  R«spons«  of  a  Mixtu.':*  of  Matorials 
to  Tiaad  Intarrogation 
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LIQUID  EXPLOSIVES  SCREENING  SYSTEM 
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Quantum  Magnetics,  Inc. 

11578  Sorrento  Valley  Road,  Suite  30 
San  Diego,  CA  92121 


i.  INTRODUCTION 

Nuclear  Magnetic  Resonance  (NMR)  techniques  have 
been  developed  to  verify  the  liquid  contents  of 
beverage  containere  commonly  carried  aboard 
aircraft,  thereby  detecting  substitution  of  explosive 
liquids  for  the  normal  contents.  The  capability  of 
NMR  to  distinguish  between  liquids  is  well  known, 
but  conventional  NMR  equipment  is  bulky  and 
expensive.  NMR  systems  generally  require  the 
application  of  an  extremely  strong  and  homogeneous 
magnetic  field  over  the  volume  of  the  sample.  The 
magnet  used  to  generate  this  field  largely  determines 
the  size  and  cost  of  the  NMR  system,  particularly 
when  large  .samples  such  as  beverage  bottles  must  be 
accommodated. 

A  detection  strategy  requiring  modest  magnetic  field 
strength  and  homogeneity  has  been  developed  for 
distinguishing  explosive  liquids  from  alcoholic 
beverages.  A  surprisingly  small  magnet  capable  of 
applying  such  a  field  to  common  beverage  containers 
has  been  designed,  and  a  prototype  has  been  built  and 
tested. 

The  data  gathered  about  a  sample  by  the  NMR 
system  is  extremely  rich,  with  many  parameters 
which  can  be  measured,  often  simultaneously.  Thus 
it  is  possible  to  construct  several  different  types  of 
signatures  for  any  given  set  of  samples.  The  system 
is  designed  to  perform  any  of  a  number  of  NMR 
experiments  under  software  control,  thus  providing 
the  flexibility  to  respond  to  varying  threat  levels,  and 
to  adapt  to  new  threats,  without  hardware 
modifications. 

The  system  design  readily  accommodates  information 
regarding  bottle  contents  such  as,  for  example,  label 
or  bar  code  information.  Under  this  arrangement, 
the  system  would  verify  the  legitimate  contents  of  the 
container  rathe,  than  looking  for  a  particular 
explosive,  so  that  few  assumptions  need  be  made  as 
to  the  types  of  potential  threat  liquids  which  may  be 


encountered.  In  addition,  the  system  is  designed  to 
provide  a  "red  light/green  light"  output,  thus 
eliminating  the  need  for  operator  interpretation. 

2.  TECHNICAL  BACKGROUND 

2.1  Nuclear  Magnetic  Resonance 

Nuclear  magnetic  resonance  (NMR)  arises  from  the 
magnetic  properties  of  atomic  nuclei'.  When 
immersed  in  a  steady  magnetic  field,  Bg,  the  nuclei 
align  with  the  field  and  precess  at  a  characteristic 
frequency  given  by 

=  (72ir)B,.  (1) 

This  precession  frequency  is  called  the  Larmor 
frequency,  v^.  The  constant  7  is  called  the 
gyromagnetic  ratio  and  has  a  different  value  for  each 
type  of  nucleus. 

An  externally  applied  pulse  of  radio-frequency  (RF) 
fteld  at  the  Larmor  frequency  causes  the  nuclei  to  tip 
away  from  their  equilibrium  position  and,  while  still 
processing,  induce  an  NMR  signal  called  a  free 
induction  decay  (FID)  into  an  adjacent  pickup,  or 
sample  coil.  A  sketch  of  the  envelope  of  a  typical 
NMR  FID  signal  is  shown  in  Figure  1. 

The  magnitude  of  the  NMR  signal  depends  upon  the 
magnitude  of  the  nuclear  magnetization  at  the  time  of 
the  pulse.  The  equilibrium  nuclear  magnetization. 
Mo,  in  an  applied  field,  Bo.  is  given  by^, 

M,  =  N7ViV('/+  /;  BJI2t^kT,  (2) 

where  I  =  1/2  for  protons,  7  is  the  proton 
gyromagnetic  ratio,  N  is  the  total  number  of  nuclei  in 
the  sample,  h  is  Planck's  constant,  k  is  Boltzmann's 
constant,  and  T  is  the  absolute  temperature. 

Both  the  nuclear  magnetization  and  the  Larmor 
frequency  are  proportional  to  the  applied  magnetic 
field  and  depend  upon  the  type  of  nucleus  immersed 
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in  the  field.  For  protons  in  a  magnetic  field  of  0. 1 
Tesla  (1000  Gauss),  the  Larmor  frequency  is  4.26 
MHz.  The  strength  of  the  signal  is  roughly 
proportional  to  the  product  of  Mo  and  v^. 

2.2  Relaxation  Times 

The  complex  and  detailed  NMR  spectral 
characteristics  of  molecules  in  solution  have  long 
been  used  as  a  powerful  tool  for  the  unique 
identification  of  chemical  compounds.  NMR  spectral 
identification,  however,  requires  very  homogeneous 
and  powerful  magnetic  fields.  Spectra  taken  at  low 
field  strengths,  or  in  less  homogeneous  fields,  do  not 
provide  detailed  chemical  spectral  details,  yielding 
generally  featureless  NMR  resonance  lines. 

Methods  more  appropriate  to  this  study  utilize  NMR 
relaxation  times,  and  related  parameters.  The  two 
principal  relaxation  times  used  in  the  detection 
process  are  T,  and  Tj.  defined  below. 

T,:  The  spin-lattice  relaxation  time.  This  is  the 
chaiacteristic  time  for  the  nuclear  spin  system  to 
come  to  equilibrium  with  its  surroundings  following 
a  disturbance.  Disturbances  may  be  induced  by  an 
RF  pulse  or  by  a  change  in  the  applied  field. 

Tj!  The  spin-spin  relaxation  time.  This  is  the 
characteristic  time  for  the  .spin  system  to  come  to 
internal  equilibrium  following  a  disturbance.  Also, 
it  is  the  approximate  decay  time  for  the  NMR  FID 
signal  in  a  perfectly  homogeneous  snagnotic  field. 

In  an  imperfect  field,  the  directly  observed  decay 
time  is  represented  by 

1/r;  =  l/Ti  +  l/T'zm.  (3) 

where  T2,,,  is  the  rate  at  which  the  spins  dephase  due 
to  the  magnetic  field  inhomogeneity. 

Note  that  the  sample  mu.st  be  placed  in  the  magnetic 
field  and  allowed  to  come  to  equilibrium  for  about 
one  Ti  time  before  the  experiment  begins.  If  signal 
averaging  is  required  to  improve  the  SNR,  then  the 
spacing  between  exfieriments  must  also  be  about  one 
T I  time.  In  this  case,  the  time  to  ixan  a  given  region 
will  be  nT| ,  where  n  is  the  number  of  pulses  required 
to  prcxluce  an  acceptable  SNR. 

Other  parameters  which  can  be  measured  by  the 
Liquid  Explosives  Screening  System  include  (be 
following: 


A:  The  Amplitude  of  the  signal.  This  is  a  measure 
of  Mq.  It  is  usually  measured  as  a  relative  number, 
determined  by  the  initial  signal  strength  in  a  given 
experiment.  In  that  context,  it  varies  primarily 
according  to  the  number  of  spins  in  the  volume  of  the 
sample  to  which  the  sample  coil  is  sensitive.  In  most 
cases  this  volume  is  constant  for  different  sanqiles,  so 
A  repres^ts  the  spin  (hydrogen)  density  of  the 
sample. 

D:  The  Diffusion  Constant,  This  is  a  measure  of  the 
mobility  of  the  molecules  in  the  sample.  In  the  case 
of  a  simple  fluid,  it  can  be  related  to  the  sample’s 
viscosity.  Absolute  measurements  of  D  rely  on 
knowledge  of  the  magnet  homogeneity,  which  is 
characterized  by  a  parameter  G,  the  magnetic  field 
gradient. 

J:  The  Spin-Spin  Coupling  Constant.  This  is  the 
strength  of  the  interaction  between  separate  nuclear 
spins  within  individual  molecules.  It  can  be 
measured  directly  from  an  NMR  spectrum,  and  can 
also  be  seen  in  some  appropriately  designed 
experiments  intended  primarily  to  measure  Tj. 

Tj  The  longitudinal  relaxation  time  in  the  rotating 
frame.  This  is  similar  to  the  T,  which  the  sample 
would  have  in  a  much  weaker  magnetic  field  than 
that  used  to  take  the  measurement:  the  SNR 
advantage  of  the  higher  field  is  retained  in  the 
experiment,  and  neither  or  v^  need  be  changed. 

The  effects  of  D  can  be  readily  observed  in  standard 
T3  experiments  on  all  of  the  samples  measured  in  this 
study.  J  is  visible  in  many,  depending  on  the  details 
of  how  the  experiment  is  set  up.  In  the  Carr-Furcell 
experiment,  for  example,  the  experimental  data  has 
the  form  over  time  t  of 

In  (Af/AfJ  -  -r/Ti  (4) 

where  G  is  a  measure  of  the  magnet  inhomogeneity 
for  the  idealized  case  of  a  magnet  whose  field 
strength  varies  in  a  particular  way,  i  is  an  adjustable 
experimental  parameter,  and  the  observed  signal 
strength  is  M.  Note  that  Mq  corresponds  to  A. 

In  addition,  in  experiments  of  (his  type,  we  may  add 
a  term  for  T,,  defining  t'  as  the  time  between 
succe.ssive  lepetitions  os'  the  experiment,  and  one  for 
an  oscillating  function  dependant  on  the  spin-spin 
coupling  J.  The  data  then  takes  the  form 


In  fM/MJ  =  -Fj  (tj^ 

-F,(tX>,G')  -F,(tJ).  (5) 

In  general,  the  sample  may  possess  multiple 
components,  so  that  the  data  is  a  super-position  of 
several  signals,  each  with  the  form  of  Equation  (5). 
There  would  then  exist  more  than  one  Mq,  T„  Tj,  J, 
and  D.  In  fact,  we  saw  this  with  some  of  our 
samples. 

For  the  purpose  of  establishing  signatures  for 
different  liquids,  there  is  no  need  to  extract  any  of 
these  parameters  as  individual  numbers,  though 
experiments  and  analysis  techniques  can  be  devised  to 
do  so.  The  actual  time  domain  shape  of  the  response 
of  the  sample  to  a  particular  experiment  constitutes 
the  signature. 


2.3  NMR  Instrumentation 

The  block  diagram  of  a  typical  pulsed  NMR  system^ 
is  shown  in  Figure  2.  The  transmitter  supplies  RF 
pulses  through  a  coupling  network  to  the  sample 
which  is  located  in  a  steady  magnetic  field.  A 
sensitive,  low-noise  receiver  amplifies  the  resulting 
NMk  signal,  the  FID,  which  is  detected  and  then 
digitized. 

Most  modem  NMR  systems  use  a  digital  computer 
and  computer  controlled  peripherals  to  control  the 
transmitter,  collect  the  digitized  data,  and  perform 
various  data  analysis  tasks,  The  size  and  cost  of 
suitable  computers,  and  of  appropriate  RF  electronic 
building  blocks,  has  declined  substantially  in  recent 
years. 

In  most  NMR  applications,  the  NMR  .signal  is  very 
small.  Low-noise,  radio  frequency  engineering 
techniques  are  required  to  optimize  the  NMR 
signal-to-noise  ratio.  Since  the  signal  is  larger  in 
stronger  magnetic  fields,  the  strongest  field  practical 
is  used. 

When  the  sample’s  T^  is  long,  as  for  the  liquids  of 
interest  in  this  study,  the  decay  time  Tj*  of  the  FID 
is  dominated  by  (Equation  3).  This  means  that 
the  time  available  to  collect  the  signal,  and  therefore 
the  effective  SNR  of  the  experiment,  depends  on  the 
homogeneity  of  the  magnet. 


The  size,  weight,  and  cost  of  the  magnet  used  in  an 
NMR  system  goes  up  rapidly  with  increased  field 
strength,  homogeneity,  and  sample  volume.  Thus  the 
design  of  the  magnet  is  critical  to  the  success  of  an 
NMR  design  project. 

Another  detail,  not  shown  in  the  figure,  is  a  "lock" 
system,  to  maintain  the  relationship  between  Mj  and 
required  by  Equation  (1).  Some  means  must  be 
provided  to  detect  drift  in  the  ratio  of  the  two 
quantities  and  to  adjust  one  or  the  other  of  them  to 
hold  that  ratio  constant. 

3.  DEVELOPMENT  DETAILS 

The  development  work  proceeded  in  two  phases.  In 
the  first,  we  took  measurements  in  a  general  purpose 
laboratory  NMR  system.  In  the  second  phase,  we 
built  a  prototype  system  and  took  additional 
measurements. 


3.1  First  Phase  Results 

In  the  first  stage  of  this  study,  we  used  a  laboratory 
system  to  measure  the  T,’s  of  a  selected  sample  of 
explosive  and  benign  liquids.  We  found  that  the  T|*s 
of  the  explosives  differed  substantiially  from  those  of 
the  beverages,  thus  providing  a  simple  means  of 
separating  them.  This  early  study  was  limited, 
however  in  two  ways. 

The  laboratory  system  included  a  magnet  which 
weighs  several  tons  and  yet  is  not  big  enough  to 
accommodate  ordinary  beverage  containers.  Ttiis 
meant  that  serious  efforts  toward  the  design  of  a 
practical  magnet  were  required,  and  that  we  cr,Jld 
only  estimate  the  performance  parameters  that  might 
be  expected  from  a  deployable  system.  In  addition, 
the  range  of  samples  was  limited,  and  we  did  not 
attempt  any  measurements  other  than  T,. 

4.  ENGINEERING  DEVELOPMENT 

4.1  Mugnet 

We  chose  an  electromagnet  design  for  this  system 
because  its  field  strength  can  be  varied  and  because, 
unlike  o  permanent  magnet,  it  need  not  be 
temperature  controlled.  The  temperature  control 
system  for  a  permanent  magnet  with  a  largo,  open 
{X)le  gap  would  be  no  le,ss  cumbersome  than  the 
power  supply  and  coils  required  for  the 
electromagnet.  In  addition,  an  electromagnet  can  be 
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turned  off.  This  is  a  safety  issue,  and  is  helpful 
during  shipping  and  for  portability. 

'ihe  electromagnet  in  this  system  is  unusual  in  that  it 
generates  a  relatively  weak  field  of  1200  Gauss, 
corresponding  to  a  proton  resonance  of  5  MHz,  but 
must  do  so  over  a  substantial  sample  volume  and 
allow  for  the  placement  of  a  large  bottle  such  that  at 
least  part  of  the  bottle  is  within  that  sample  volume. 
Most  NMR  systems  can  accommodate  samples  of  just 
a  cubic  centimeter  or  so.  Systems  which  can 
accommodate  larger  samples  are  generally  huge,  and 
an  order  of  magnitude  too  expensive  for  this 
application. 

The  solution  was  a  traditional,  open  H-magnet  design 
with  a  very  untraditionally  small  ratio  of  magnet  gap 
to  pole  diameter.  An  unusual  pole  face  design 
compensates  for  the  very  poor  homogeneity  which 
would  ordinarily  be  expected  with  a  gap  nearly  as 
wide  as  the  pole  face  diameter. 

Figure  3  is  an  outline  of  the  prototype  magnet,  which 
requires  less  than  150  Watts  from  the  AC  line.  This 
magnet  was  intended  to  function  as  a  very  flexible 
test  platform  for  what  we  expected  would  be  a  long, 
cul-and-try  development  process.  Among  other 
things,  it  is  capable  of  generating  a  field  twice  as 
strong  as  required,  and  provides  extra  ‘elbow  room’ 
for  working  within  the  gap  region. 

The  magnet  .surprised  us  by  working  on  the  first  try, 
delivering  an  effective  field  homogeneity  of  one  part 
in  10,000  over  the  sample  region.  We  expect  the 
production  version  to  draw  a  similar  amount  of 
power  but  to  be  about  half  the  size  of  the  prototype. 

The  lock  system  is  realized  in  software.  Whenever 
a  .sample  is  measured,  the  computer  checks  its  center 
frecjuency  and  compares  it  to  the  desired  value.  IF 
the  difference  exceetis  a  .set  limit,  the  magnet  power 
supply  is  adjusted  appropriately.  At  tum-on,  or 
during  perio<|.s  of  inactivity,  the  system  would  request 
that  a  standard  sample  be  put  in  place  so  that  it  could 
maintain  its  ready  status.  Note  that  this  system  also 
constitutes  a  mechanism  for  continuously  checking 
the  system  for  faults, 

5.  RF  ELECTRONICS 

The  RF  electronics  includes  the  transmitter/rcceiver 
board  (RF  Board),  the  preampiifior  and  multiplexer 
module,  and  the  RF  power  driver  and  final 
amplifiers. 


5.1  Cuil/Preamp/Multiplexer 

The  Sample  Coil,  Preamplifier  and  Multiplexer  are 
conceptually  part  of  the  RF  Electronics  but  will  be 
located  within  the  magnet,  in  close  proximity  to  each 
other. 

Sample  coils  are  usually  designed  so  as  to  enclose  the 
sample,  but  in  this  system  that  would  require  a  very 
large  coil  which  would  show  poor  sensitivity  with 
small  samples,  and  would  require  an  extremely 
powerful  RF  power  amplifier.  We  therefore  used  a 
small,  flat  ‘single-sided’  sample  coil  oriented 
horizontally.  The  sample  is  conveniently  placed 
directly  on  the  coil. 

The  preamplifier  is  a  conventional  design  with 
onboard  regulation  and  active  switching.  It  and  the 
multiplexer  are  closely  coupled  at  an  impedance  level 
of  2K  ohms,  rather  than  the  usual  lower  impedance 
commonly  used  when  a  preamplifier  must  be  fed 
from  a  coaxial  cable. 

Since  recovery  time  is  not  a  major  concern  in  th- 
system,  the  multiplexing  scheme  is  passive,  with 
discrete  components.  Time  to  full  recovery  is  1(X) 
microseconds.  The  .system  has  a  receiver  Q  of 
roughly  50  and  a  transmit  Q  of  5. 

5.2  RF'  Board 

A  block  diagram  of  the  RF  Board  is  shown  in  Figure 
4,  The  transmitter  section  of  the  RF  Board  includes 
a  divide-by-four  phase  shifting  system  followed  by  a 
phase  selector  /  transmit  gate.  Us  receiver  section 
includes  an  IP  amplifier,  phase  detectors,  and  video 
amplifiers.  A  frequency  compensated  crystal 
oscillator  (TCXO)  provides  a  fixed  frequency  clcKk. 
The  transmitter’s  RF  bandwidth  is  in  excess  of  20 
MHz,  with  a  transmitter  output  of  approximately  12 
dBm.  Its  video  section  has  a  quadrature  bandwidth 
of  more  than  200  KHz,  with  a  maximum  output  of  5 
volts.  It  uses  dc  voltages  of  +5  and  +/-15,  and  has 
on-board  regulators  which  require  an  overhead  of  3 
volts. 

The  production  version  of  the  RF  Board  is  expected 
to  differ  only  in  that  it  will  plug  directly  into  the 
CPU  back-plane,  and  will  incorporate  the  Pulse 
Width  Generator  and  8-bit  port  discussed  below.  The 
board  was  designed  to  facilitate  the  necessary 
connectoring  changes. 


5.3  RF  Power  AmpHHers 

The  RF  power  amplifier  chain  consists  of  two 
inexpensive  solid  state  commercial  modules  with  only 
minor  modifications.  It  delivers  500  Watts  of  pulsed 
RF  power,  drawing  only  125  Watts  from  the  AC 
power  line.  It  is  a  very  rugged  unit,  operating  at  very 
short  duty  cycle  at  less  than  its  fiill  CW  rating.  It  is 
inherently  fail-safed,  in  that  the  power  supply  cannot 
deliver  enough  CW  power  to  damage  either  the 
amplifier  or  any  of  its  associated  circuitry. 

6.  DATA  ACQUISITION  AND  CONTROL 
ELECTRONICS 

6.1  Central  Processor 

The  data  acquisition  system  is  based  on  a  ruggedized 
version  of  an  ISA  bus  80286  computer  running 
Microsoft’s  MSDOS  operating  system.  The 
production  version  will  be  essentially  the  same,  but 
based  on  an  80486  to  boost  data  processing  speed. 

6.2  Peripherals 

The  analog  to  digital  convertor  board  (A/D)  is  a 
commercial  unit  which  plugs  into  the  CPU  backplane. 
It  features  two  fully  independent  channels,  and 
anti-aliasing  filters  which  can  be  configured  under 
computer  control.  Its  resolution  is  16  bits.  It  can 
digitize,  and  DMA  to  the  CPU  memory,  more  than 
50,000  complex  points  per  second.  In  normal 
operation,  the  system  runs  at  a  bandwidth  of  about 
5000  points/second,  but  the  higher  speed  is  available 
so  that  the  lock  can  go  into  an  extended  capture  mode 
to  recover  from  being  left  without  its  standard  sample 
by  a  careless  operator. 

The  RF  electronics  are  controlled  by  a  pulse 
programmer,  outlined  in  Figure  S,  which  consists  of 
a  commercial  pattern  generator  board  which  plugs 
into  the  CPU  backplane,  and  a  pulse  width 
generator/interface  (PWG)  board.  The  CPU  controls 
the  time  between  experiments,  the  commercial  board 
determines  the  time  between  pulses  and  issues 
triggers  to  the  A/D  board,  and  the  PWG  sets  the 
width  of  the  pulses. 

In  the  prototype  unit,  the  PWG  is  free-standing.  Its 
pulse  width  registers  are  loaded  indirectly  by  a 
special  'pulse  program’  in  the  pattern  generator 
board.  In  the  production  unit,  the  PWG  will  be 
incorporated  with  the  RF  board,  on  a  plug-in  board 
in  the  CPU,  and  its  registers  will  be  loaded  directly 


from  the  CPU  bus. 

The  magnet  power  supply  is  under  digital  control, 
with  16-bit  resolution  above  an  offset,  via  a  simple 
8-bit  port  which  also  plugs  into  the  CPU.  In  the 
production  unit,  its  bus  interface  circuitry  will  be 
used  to  control  the  RF/PWG  board,  and  the  8-bit 
output  to  the  magnet  power  supply  will  also  come 
from  that  board. 

6.3  Software 

Most  of  the  control  software  for  the  system, 
including  the  entire  user  interface,  is  written 
primarily  in  a  commercial  FORTH  language 
extension  called  ASYST.  The  drivers  for  the  A/D 
board  and  the  pattern  generator  were  supplied  by  the 
vendors  and  then  modified  and  extended  with  their 
aid.  An  additional  layer  of  code  linking  the  drivers 
with  ASYST  was  written  in  C.  The  C  code  for  the 
A/D  board  is  relatively  simple,  while  that  for  the 
pattern  generator  constitutes  an  assembly  language  for 
pulse  progranoming. 

The  ASYST  language,  which  has  numerous  generic 
data  analysis  and  presentation  features  built  into  it, 
was  used  to  simplify  and  speed  the  development 
work.  It  will  l)e  lutained  in  the  production  unit 
version  only  in  that  it  will  be  available  at  the  plant 
for  test  and  maintenance  purposes.  The  production 
unit’s  control  software  will  retain  only  the  drivers  of 
the  prototype  system,  with  the  higher  level  control, 
data  analysis,  and  user  interface  ftinctions  re-written 
in  C. 

7.  EXPERIMENTAL  RESULTS 

The  experimental  part  of  the  project  was  set  up  as  an 
iterative  process,  with  the  final  goal  being  the 
collection  of  data  for  a  wide  range  of  beverages  and 
explosive  liquids,  in  actual  beverage  containers  and 
using  a  signature  expected  to  allow  the  unambiguous 
detection  of  explosives.  To  do  this  wo  started,  in  the 
first  phase  of  the  project,  with  a  simple  T,  signature 
and  a  small  range  of  samples  in  containers  which 
could  be  accommodated  by  our  general  purpose 
laboratory  electromagnet. 

From  this  data  we  went  on  to  develop  other 
signatures,  with  which  we  accumulated  more  data.  At 
the  same  time,  we  developed  the  hardware  required 
to  acconurtodate  larger  containers  and  to  produce 
additional  signature  options.  Hre  process  is  by  no 
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means  complete.  In  addition,  a  nevy,  longer  list  of 
both  benign  and  threat  liquids  is  being  considered.  If 
adopted,  this  will  certainly  necessitate  additional 
testing,  and  may  require  the  development  of 
additional  signatures. 

We  believe  that  the  most  efficient  effective  signature 
is  3  variation  of  the  standard  Carr-Purcell  multiple 
pulse  and  acquisition  sequence,  in  which  the  usual 
inversion  pulses  are  replaced  by  3-pulse  composite 
sequences.  This  yields  a  signature  .such  as  that 
represented  by  Equation  (5).  The  optimum  tau  time 
and  number  of  inversions  have  not  yet  been 
determined.  The  choice  of  tau  times  affects  the 
manner  in  which  primarily  the  J  and  D  parameters 
appear  in  the  signature. 

This  sequence  can  be  run,  with  sufficient  signal  to 
noise,  in  a  single  scan.  The  time  required  for  the  test 
is  thus  roughly  one  T,,  plus  one  Tj,  plus  the 
computation  time.  The  longest  part  of  the  experiment 
is  currently  the  computation  time.  We  run  a  fast 
Fourier  transform  (FFT)  of  the  data  acquired  after 
each  inversion:  this  loads  down  the  80286 
substantially.  The  production  unit,  using  an  80486,  is 
expected  to  be  roughly  50  times  as  fast,  at  which 
point  the  computation  time  will  no  longer  be 
significant. 

Additional  iterations  will  be  required  before  this 
signature  scheme  can  be  considered  finalized, 
however.  More  importantly,  substantial  analysis  of 
the  data  already  collected  will  be  required  in  order  to 
opiintize  the  manner  in  which  the  signaturu  is 
characterized  and  compared  with  the  known  signature 
of  the  labeled  contents  of  the  bottle  being  inspected. 
The  characterization  scheme  will  detennine  how  the 
acquired  data  is  ultimately  converted  to  the  go/no-go 
signal  which  must  bo  delivered  to  the  security 
personnel  who  use  the  system  in  the  field. 

8.  COUNTERMEASURES 

Given  the  richness  of  the  NMR  data  available,  the 
ability  of  the  sy.stcm  to  be  configured  in  .software  to 
select  from  im  almost  arbitrarily  wide  range  of 
signatures,  and  the  fact  that  the  liquid  cannot  be 
sliielded  from  in.spection,  we  know  of  no  effective 
countcrmea.sures  to  this  technology. 

9.  CONCLUSIONS 

It  is  possible  to  use  a  practical,  field  deployable 
NMR  system  to  screen  for  liquid  explosives  packaged 


to  be  visually  indistinguishable  from  ordinary  sealed 
containers  of  alcoholic  beverages.  Such  a  system  has 
been  prototyped  and  is  capable  of  meeting  this  goal. 

Due  to  the  unique  magnet  design,  and  the  use  of 
off-the-shelf  components  and  sub-assemblies 
throughout  the  electronics,  a  production  unit  would 
be  priced  within  the  range  of  security  systems 
currently  in  use.  Because  of  this  design  strategy,  it 
would  generally  be  serviceable  by  ordinary 
electronics  personnel.  Due  to  the  use  of  a  general 
purpose  digital  computer  for  system  control,  data 
collection,  and  analysis,  the  system  can  be 
programmed  to  be  operable  in  a  "green  light  -  red 
light"  mode  by  ordinary  security  personnel  with  no 
special  technical  training  or  background. 

The  system  can  be  operated  in  a  mode  where  it 
verifies  the  labeled  (or  bar  coded)  contents  of  the 
container,  rather  than  being  setisitive  to  a  particular 
explosive  or  class  of  explosive.  Due  to  this 
characteristic,  and  because  of  the  richness  of  the  data 
which  can  be  obtained  from  liquids  by  NMR,  it  is 
believed  that  any  realistic  technical  countermeasures 
would  be  inherently  ineffective. 

NOTES 

Support  of  this  work  by  the  Federal  Aviation 
Administration  through  the  SBIR  program  is 
gratefully  appreciated. 
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2.  Abragam,  Chapter  3. 
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Figure  1.  Sketch  of  an  NMR  Free  Induction  Decay. 
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Figure  4.  Block  Diagram  of  the  RF  Board 
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1.  INTRODUCTION 

The  work  reported  here  is  part  of  an  ongoing 
program  to  identify  unique  proton  NMR  signatures 
for  explosive  compounds.  In  many  explosives  a 
significant  fraction  of  the  hydrogen  nuclei  (protons) 
are  coupled  to  nitrogen  nuclei.  The  energy  level 
diagrams  of  these  proton/nitrogen  pairs  contain  both 
allowed  and  weakly  allowed  transitions.  In  the 
measurements  reported  here,  weakly  allowed 
transitions  in  the  sample  were  irradiated  with  RF 
energy  and  the  resulting  effects  on  the  proton  NMR 
signal  were  recorded. 

2.  THEORETICAL  BASIS 

For  an  isolated  nucleus  in  an  applied  magnetic  field 
the  interaction  of  the  nuclear  dipole  moment  with 
the  field  results  in  the  following  energy  states', 

Em  =  -yMjn  (1) 

where  y  is  the  gyromagnetic  ratio  of  the  nucleus. 

Protons  are  spin- 1/2  nuclei  and  possess  only  a  dipole 
moment.  Therefore,  m  in  Equation  (1)  takes  on  one 
of  the  two  values,  -1/2  or  +1/2.  The  resulting 
energy  level  diagram  for  protons  is  shown  in  Figure 
1. 

Nitrogen  nuclei  are  spin-1  nuclei  and  possess  both 
dipole  and  quadrupole  moments.  In  high  fields,  the 
interaction  of  the  dipole  moment  with  the  applied 
field  produces  three  energy  levels  according  to 
Equation  I  (corresponding  to  m  values  of  -I,  0,  and 
+ 1)  and  the  interaction  of  the  quadnipole  moment 
with  local  electric  field  gradients  perturbs  these 
levels.  The  energy  level  diagram  for  nitrogen  nuclei 
is  also  shown  in  Figure  1  with  the  quadrupole 
perturbation  indicated  by 

In  high  fields,  when  protons  and  nitrogen  nuclei  are 
coupled,  six  energy  levels  with  15  possible  transitions 
result  These  are  also  shown  in  Figure  1 .  Seven  of 


these  transitions  correspond  to  changes  in  m  of  + 1  or 
-1  and  are,  therefore,  allowed.  In  a  system  of 
isolated  spin  pairs,  the  other  eight  transitions  are 
strictly  forbidden.  However,  the  strong  interactions 
present  in  many  solids  mix  these  states^.  Therefore, 
the  resulting  energy  levels  are  not  pure  states  and  the 
transitions  are  weakly  allowed^. 

In  low  fields  and  zero  field,  the  quadrupole 
interaction  dominates,  with  the  dipole  interaction  a 
perturbation.  The  energy  levels  for  isolated  nitrogen 
nuclei  in  zero  field  are  determined  by  the  quadrupolar 
interaction^, 

E:  -  -  21  (2) 


where  e\]Q  is  the  quadrupole  coupling  constant  and 
a  zero  asymmetry  parameter  is  assumed’.  Energy 
level  diagrams  for  protons  and  nitrogen  nuclei  in  zero 
field  are  shown  in  Figure  2. 

In  low  fields,  the  dipole  interaction  perturbs  the 
quadrupolar  inteiictatioo  through  the  relation*, 

-  -y,  h  m  cot  0  (3) 


where  y,  is  the  gyromagnetic  ratio  for  nitrogen  and 
0  is  the  angle  between  the  direction  of  the  applied 
field  and  the  symmetry  axis  of  the  electric  field 
gradient.  Energy  level  diagrams  for  protons  and 
nitrogen  nuclei  in  low  field  are  shown  in  Figure  3  for 
a  particular  value  of  9. 

The  data  presented  here  were  taken  on  polyctystalline 
samples  at  an  intermediate  value  of  field.  That  is, 
the  angle  $  takes  on  all  values  and  the  dipole  and 
quadrupole  interaction  energies  for  nitrogen  are 
comparable.  This  made  it  difficult  to  evaluate  our 
resulta  quantitatively. 

Energy  level  diagrami  for  protoiu,  nitrogen  nuclei 
and  coupled  pairs  in  polycrystalline  tamplea  are 
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shown  in  Figure  4.  It  is  important  to  note  from 
Figures  3  and  4  that  the  maximum  frequency  of  a 
weakly  allowed  transition  is  given  by  the  sum  of  the 
proton  and  nitrogen  Larmor  frequencies  and  the 
zero-field  NQR  frequency. 

3.  EXPERIMENTAL  DETAIL 

Measurements  were  made  on  four  compounds: 
TNT.PETN,  the  explosive  simulant 
hexemethylenetetramine  (HMT)  and  mannitol.  The 
TNT  and  PETN  samples  were  commercial  grade. 

HMT  contains  four  nitrogen  atoms,  six  carbon  atoms 
and  twelve  hydrogen  atoms  per  molecule.  HMT  has 
a  proton  spin-lattice  relaxation  time  (T,)  of  58 
seconds,  as  measured  in  our  laboratory.  HMT  has  a 
single  nitrogen- 14  quadrupole  coupling  constant  and 
an  asymmetry  parameter  of  zero.  At  room 
temperature  in  zero  field,  HMT  has  a  single  NQR 
transition  at  3.308  MHz’. 

Marmitol,  a  complex  sugar,  consists  of  a  six-carbon 
linear  chain  with  one  hydroxyl  group  on  each  carbon. 
It  contains  no  nitrogen  atoms.  The  T,  of  mannitol  at 
the  frequency  of  these  experiments  is  approximately 
280  seconds. 

The  experiments  were  performed  at  a  proton  Larmor 
frequency  of  19.14  MHz  which  corresponds  to  a 
nitrogen  Larmor  frequency  of  1.38  MHz.  A  block 
diagram  of  the  experimental  apparatus  is  shown  in 
Figure  5. 

The  pulse  NMR  spectrometer  was  a  Spin-Lock 
Electronic.<j  Model  CPS-2  u.sed  in  coqiunction  with  an 
Hitachi  Model  6041  digital  oscilloscope.  Ute 
off-resonance  irradiation  electronics  consisted  of  a 
PTS  160  frequency  synthesizer,  an  Amplifier 
Research  ISOLA  RF  power  amplifier,  and  a  Diawa 
CL-680  impedance-tnatching  circuit. 

One  method  of  acquiring  data  is  shown  in  Figure  6. 
A  serie.s  of  90  degree  pulses,  spaced  time  t,  apart,  is 
aj^lied  to  the  sample.  The  pulses  disturb  the  proton 
magnetization  from  equilibrium  and,  between  the 
pulse.s,  the  spin  sy.stem  relaxes  hack  toward 
equilibrium.  The  NMR  signal  following  each  pulse 
determines  the  degree  of  proton  polarization. 

Off-resonance  RF  irradiation  was  applied  to  the 
sample  in  the  lime  intervals  between  .some  of  the  90 
degree  pulses  in  the  scries.  If  the  frequency  of  the 
RF  irradiation  corresponds  to  a  weakly  allowed 


transition,  then  the  return  of  the  proton  spin  system 
to  equilibrium  is  altered  and  the  magnitude  of  the 
resulting  NMR  signal  is  reduced.  This  is  also  shown 
in  Figure  6. 

To  acquire  data,  first  an  off-resonance  irradiation 
frequency  was  chosen.  Then  the  pulse  sequence  of 
Figure  6  was  applied  to  the  sample  a  number  of 
times,  with  irradiation,  and  the  results  averaged.The 
sequence  was  then  repeated  without  irradiation  and 
the  results  aveiaged. 

The  averaged  results  obtained  with  and  without 
irradiation  were  compared  and  the  percentage 
decrease  due  to  the  effect  of  the  irradiation  was 
calculated.  If  the  RF  irradiation  frequency 

corresponded  to  a  weakly  allowed  transition, 
substantial  changes  in  the  proton  polarization  were 
noted.  If  not,  then  little  or  no  change  was  noted. 
The  effects  were  mapped  out  as  a  function  of 
frequency  by  selecting  a  new  off-resonance 
irradiation  frequency  and  repeating  the  process. 

4.  RESULTS 

TTte  results  for  HMT  are  shown  in  Figure  7.  As 
expected,  the  effects  of  RF  irradiation  are  greatest 
near  the  proton  utrmor  frequency  of  19.14  MHz  due 
to  the  natUi'al  linewidth  of  the  HMT  resonance. 
However,  significant  effects  are  observable  at 
frequencies  far  from  the  proton  resonance  frequency. 
These  effects  are  much  greater  than  experimental 
uncertainty.  Below  the  proton  resonance,  significant 
effects  occur  near  16.8  and  17.4  MHz,  Above  the 
proton  ro.sonance,  significant  effects  occur  near  20.8, 
21.2,22.3,  22.7  and  23.8  MHz. 

Definite  zero.s  in  the  response  to  off-resonance 
irradiation  occur  at  21 .7,  23. 1  and  above  23.9  MHz. 
The  latter  oKservation  is  in  quantitative  agreement 
with  our  expectations  .since  the  maximum  weakly 
allowed  transition  frequency  for  a  proton  resonance 
frequency  of  19.14  MHz  in  HMT  (Figures  3  and  4) 
is  23.83  MHz. 

The  result.s  for  ntannitol  are  .shown  in  Figure  8. 
Again,  the  irradiation  effects  are  large.sl  near  the 
proton  Lamurr  frequency  of  19.14  MHz.  However, 
unlike  HMT,  there  are  no  noticeable  effects  due  to 
RF  irradiation  at  frequencies  more  than  a  megahertz 
away  from  the  proton  Larmor  frequency. 

TTie  lack  of  effects  in  the  nuuinitol  is  attributed  to  the 
absence  of  nitrogen  nuclei  in  the  sample  and,  hence. 
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the  absence  of  hydrogen-nitrogen  couplings.  The 
energy  level  diagram  needed  to  explain  these  results 
is  the  simple  two-level  system  characteristic  of 
protons.  There  are  no  weakly  allowed  transitions 
available  for  off-resonance  irradiation. 

A  plot  of  the  percentage  decrease  in  the  proton  NMR 
signal  versus  the  RF  irradiation  frequency  for  PETN 
is  shown  in  Figure  9.  It  is  clear  from  these  data  that, 
compared  to  HMT,  the  effects  of  RF  irradiation  do 
not  extend  over  as  wide  a  range  of  hrequeocies. 

However,  the  structure  of  the  reqwnse  may  be  as 
complex  as  in  HMT.  There  is  a  pronotinced  effect  at 
20.2  MHz  which  is  followed  by  an  iq^iarent  zero  in 
the  response  at  20.2S  MHz.  Similar  behavior  was 
observed  on  the  low  frequency  side  of  the  proton 
resonance. 

In  addition,  there  are  clear  non-zero  responses  near 
17.8  and  20.6  MHz.  No  effects  in  PETN  were 
observed  above  21  MHz  or  below  17  MHz.  The  data 
are  consistent  with  ■  symmetric  re^xuise  about  the 
proton  Lamx>r  frequency. 

The  data  obtained  for  TNT  are  shown  in  Figure  10. 
There  is  little  or  no  response  far  from  the  proton 
Larmor  frequency,  though  there  appear  to  be  small 
effects  starting  about  one  megahertz  away  from 
resonance,  i.o.,  in  the  20-21  MHz  region. 

llie  most  striking  feature  of  these  data  is  that  the 
TNT  response  appears  to  be  asymmetric  about  the 
proton  Larmor  frequency  of  19. 14  MHz.  At  one-half 
megahertz  above  the  proton  Larmor  frequency,  the 
effect  of  RF  irradiation  is  significant,  i.e.,  between 
five  and  ten  percent.  However,  ooe-batf  megahertz 
below  the  proton  Larmor  frequency,  the  response  is 
clearly  zero.  These  observations  are  well  outside  the 
range  of  experimental  uncertainty. 

5.  CONCLUSIONS 

This  work  demonstrates  that  it  Is  possible  to  stimulate 
weakly  allowed  transitioiis  through  off-resonance  RF 
irradiation  and  affect  the  proton  polarization.  It  was 
found  that  changes  in  the  amplitude  of  the  proton 
NMR  signal  of  the  order  of  10%  could  be  produced 
in  HMT  with  RF  irraditalioo  more  than  4  MHz  away 
from  the  proton  Larmor  frequency.  The  frequency 
dependence  of  the  e^ect  agrees  qualitatively  with 
expectations.  No  similar  enects  were  observed  in 
mannitol,  a  compound  with  similar  proton  NMR 
characteristics  but  lacking  nitrogen  nuclei. 
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1.  INTRODUCTION 

An  essential  element  in  airport  security  is  the  inspection 
of  all  hand  carried  items  and  checked  baggage  to  detect 
concealed  explosives  as  well  as  weapons.  An 
acceptable  explosives  detection  system  must  be  effective 
in  the  detection  of  all  explosives  that  pose  a  threat  to 
the  safety  of  the  passengers,  crew  and  aircraft.  It  must 
rapidly  and  reliably  distinguish  between  explosives  and 
non-explosives  and  provide  detection  independent  of 
explosive  configuration  and  distribution.  To  avoid 
unnecessary  delays  the  system  must  also  provide  rapid 
automated  inspection  and  have  as  low  a  nuisance  alarm 
rate  as  is  consistent  with  operational  and  security  effec¬ 
tiveness.  In  addition,  the  apparatus  should  not  pose  a 
health  hazard  to  either  the  public  or  the  operators  nor 
damage  baggage  or  contents.  It  should  be  reliable  and 
friendly  and  should  be  economically  affordable  in  initial 
cost,  installation  and  operation.  Development  of  the 
technology  or  combination  of  technologies  needed  to 
achieve  these  goals  has  posed  a  tremendous  challenge 
to  the  scientific  research  and  engineering  communities. 
Radio  Frequency  Resonant  Absorption  Spectroscopy 
(RRAS)  techniques  were  considered  early  in  the  efforts 
to  find  an  acceptable  solution  to  this  inspection  problem 
and  these  methods  still  provide  features  and  capabilities 
that  are  largely  unmatched  by  other  technologies. 
Much  of  the  work  to  successfully  apply  one  of  these 
techniques,  hydrogen  transient  nuclear  magnetic  reso¬ 
nance  (HTNMR),  to  the  practical  detection  of  explo¬ 
sives  concealed  in  letters,  parcels  and  baggage  has  been 
carried  out  by  the  authors  and  associates.*'*'"'^' 

HTNMR  was  first  investigated  for  the  detection  of 
explosives  nearly  twenty  years  ago.^  Early  in  our  work 
it  was  discovert  that  explosives  exhibited  HTNMR 
signal  relaxation  properties  that  allowed  the  sigrrals 
from  these  materials  to  be  distinguished  from  those  of 
most  other  materials.  This  feature  is  absolutely 
essential  to  the  successful  application  of  this  method  for 
inspection  since  the  vast  majonty  of  non-metailic 
materials  contain  hydrogen  and  produce  strong  hydro¬ 
gen  NMR  reqwnses.  In  addition,  'H-NMR  to  '*N- 


NQR  level  crossing  effects  were  found  to  be  very 
effective  in  reducing  the  detection  time  for  several 
explosives  and  also  in  providing  a  potentially  useful 
selective  signature^.  Methods  for  implementing  rapid 
detection  of  explosives  based  on  hydrogen  magnetic 
resonance  properties  were  developed  and  first  applied 
in  an  experimental  apparatus  for  the  detection  of  non- 
metallic  land  mince  jjj  tjjg  middle  i970’s  work 
was  initiated  to  adapt  this  technology  to  the  detection  of 
explosives  in  letters  (mail  bombs)  and,  shortly  thereaf¬ 
ter,  to  the  detection  of  bulk  explosives  in  checked 
airline  baggage.  As  part  of  this  work  the  utility  for 
baggage  inspection  of  the  various  RRAS  methods  which 
includes  Nuclear  Magnetic  Resonance  (NMR),  Nuclear 
(^drupole  Resonance  (NQR),'‘‘“  Electron  Spin  Reso¬ 
nance  (ESR),  and  Microwave  Molecular  Absorption 
(MMA)  were  evaluated.^  ESR  was  found  to  be  particu¬ 
larly  suitable  for  detection  of  black  powder,  as  was 
NQR  for  detecting  a  few  of  the  explosives,  notably 
RDX,  while  NMR  was  capable  of  detecting  almost  all 
of  the  explosives  of  interest  at  that  time.  This  included 
the  high  energy  military  explosives  as  well  as  the  more 
common  conunercial  explosives  such  as  dynamites  and 
water  gels  used  in  civilian  construction,  excavation  and 
mining  activities.  Microwave  molecular  absorption  was 
determined  to  be  of  little  value  since  it  primarily 
responds  only  to  selected  materials  in  gaseous  form. 
Based  on  these  conclusions  the  nuclear  magnetic  reso¬ 
nance  technology,  in  particular  Hydrogen  Transient 
Nuclear  Magnetic  Resonance  (HTNMR),  was  selected 
for  further  study  and  for  subsequent  implementation  in 
a  form  suitable  for  the  inspection  of  checked  airline 
baggage  to  detect  concealed  explosives. 

To  realize  the  baggage  inspection  objective,  nugnetic 
resonance  apparatus  much  larger  than  anyone  had  ever 
attempted  previously  was  needed.  In  addition  the 
capability  to  provide  sensitive,  selective  and  rapid 
detection  of  all  the  explosives  of  interest  while  accom¬ 
modating  the  wide  variety  of  materials  encountered  in 
baggage  structures  and  contents  was  essential.  The 
capability  to  distinguish  explosives  from  the  non- 
explosive  baggage  contents  was  required  to  mitiimiTe 
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false  alarms.  These  capabilities  were  first  realized  in 
an  experimental  system  which  was  demonstrated  and 
evaluated  in  the  laboratory.^*'^  Following  this  success, 
the  methods  were  applied  to  the  development  of  an 
engineering  model  of  a  system  suitable  for  testing  in  an 
airport  environment  (see  Figure  1).'^  This  objective 
was  achieved  and  the  first  airport  tests  of  the  NMR 
baggage  inspection  technology  were  conducted  in  the 
spring  of  1979.  This  initial  series  of  tests  allowed  the 
general  suitability  of  this  technology  for  the  inspection 
of  checked  airline  baggage  to  be  evaluated  and  a  data 
base  of  HTNMR  properties  of  checked  airline  baggage 
to  be  acquired.  Secondarily  the  performance  and 
limitations  achieved  to  date  in  the  apparatus  could  be 
assessed.  The  apparatus  was  found  to  operate  quite 
well  though  some  shortcomings  wen  recognized  where 
further  work  was  required.  In  particular  the  sensitivity 
to  materials  inside  the  bag  was  lower  than  required. 
Subsequent  series  of  airport  tests  were  conducted  in 
1980, 1983,  and  1984  to  evaluate  the  effect  of  improve¬ 
ments  that  had  been  incorporated  in  the  system  during 
the  intervening  time  periods.  All  of  these  tests  were 
6conducted  with  essentially  the  same  basic  apparatus. 
However,  many  minor  modifications  were  incorporated 
to  provide  uniform  detection  sensitivity  throughout  the 
bag,  to  reduce  spurious  alarms,  to  improve  the  detec¬ 
tion  sensitivity  and  to  incorporate  additional  signal 
criteria  to  eliminate  false  alarms  from  certain  items  of 
baggage  contents.  Additional  modirications  which 
could  reduce  spurious  alarms  and  improve  the  detection 
probabilities  were  recognized  and  identified  even  prior 
to  the  last  series  of  tests  but  these  could  not  be  accom¬ 
modated  within  the  mechanical  configuration  and  frame 
work  that  was  available  in  this  initial  model.  Despite 
these  limitations,  arid  known  possibilities  for 
improvement,  the  performance  achieved  in  this  system 
were  comparable  to  the  best  that  has  been  achieved  by 
systems  based  on  any  other  technology  to  date. 

HTNMR,  like  the  other  RRAS  methods,  does  not  use 
nuclear  radiation,  radioactive  sources,  x-rays  nor  any 
other  form  of  ionizing  radiation.  Instead  detection  is 
accomplished  through  magnetic  and  electromagnetic 
fields  used  to  sense  the  hydrogen  contained  within  the 
materials  of  the  bag  and  the  baggage  contents.  By 
onaly.'ies  and  pr<Kessing  of  this  total  hydrogen  NMR 
signal,  any  contribution  to  the  response  produced  by 
hydrogen  in  explosives  can  be  separated  from  that  pro¬ 
duced  by  hydrogen  in  must  other  materials.  Through 
processing  of  this  total  HTNMR  respotuee,  NMR  has 
been  found  useful  for  rapidly  and  selectively  detocling 
nitroglycerine-based  dynamites,  water  gel  explosives, 
C-4  (plastic)  explosives,  RDX,  TNT,  PETN,  smokeless 
powder  and  most  other  high*«fiergy  and  commercial 


explosives  and  propellants.  Results  of  several  thousand 
tests  have  demonstrated  the  general  suitability  of  the 
HTNMR  method  for  baggage  inspectimi  and  have 
shown  a  high  detection  probability  and  a  low  rate  of 
false  alarms.  In  the  original  implementation  the  system 
could  not  effectively  inspect  a  small  percentage  of  the 
bags  but  those  were  identified  by  the  apparatus.  As  an 
additional  limitations,  it  is  advisable  to  remove  magneti¬ 
cally  recorded  media  prior  to  inspection  to  avoid 
possible  ensure  and  liquid  explosives  were  not 
selectively  detected.  Woik:  currently  underway  U 
expected  to  greatly  alleviate  these  limitations. 

2.  BASIC  METHOD 

Nuclear  magnetic  resonance  is  generated  by  interactions 
between  the  magnetic  moment  of  atomic  nuclei  in 
materials  being  inspected  and  an  externally  applied 
magnetic  field.  The  frequency  of  this  resonance  is 
typically  in  the  high  radiofrequency  range  and  is 
dependent  upon  the  intensity  of  the  applied  magnetic 
field  and  the  specie  of  the  nuclei.  In  the  case  of 
hydrogen  the  resonant  frequency,  f^  is  related  to  the 
magnetic  flux  density,  H,  by 

U  =•  42.57  H,  (1) 

where 

f,  «•  frequency,  MHz 

H,  ■>  Magnetic  flux  density,  T  (Tesla) 

The  choice  of  the  frequency  used  for  NMR  is  loncni^ist 
arbitrary  but  is  based  on  tradeoffs  between  the 
improved  sensitivity  available  at  higher  magoetic  fielda 
and  the  greater  size,  weight  and  cost  of  the  required 
magnet  structures  and  the  increased  potential  for 
damage  to  baggage  oxiteata,  aa  the  flux  density  is 
increased. 

Figure  2  illustrates  the  basic  NMR  detection  concept. 
The  item  being  inspected  is  located  in  s  magoetic  fi^d 
of  selected  intensity,  H,.  and  tested  with  an  electromag¬ 
netic  field  having  a  frequency,  f„  comapooding  to  the 
nuclear  resonance.  In  the  transient  mode  of  oporalion 
as  used  for  baggage  inspection  the  electromagnetic  field 
is  applied  in  short  pulses  (RP  bursts)  of  controlled 
width  and  amplitude.  Detected  NMR  responsea  are  in 
the  form  of  transient  radio  frequency  signals  emitted  by 
the  excited  nuclei  following  the  burst  of  transmittsd 
energy.  The  frequency  of  the  emitted  NMR  signal  is 
that  for  nuclear  resonance  in  the  applied  magnetic  field, 
H,,  and  the  peak  amplitude  is  propoftionsl  to  the 
number  of  nuclei  contributing  to  the  response.  The 
trsnsieot,  free  induction  decay  (FID),  sig^  following 
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a  single  transmitter  pulse  decreases  in  amplitude  at  a 
rate  which,  in  a  homogeneous  magnetic  field,  is 
dependent  upon  the  spin-spin  time  constant,  Tj.  This 
time  constant  is  characteristic  of  the  molecular  structure 
and  the  state  of  the  sample  material  as  is  the  spin-lattice 
time  constant,  T,,  which  sets  the  time  required  to  detect 
an  NMR  response  and  the  rate  at  which  NMR  tests  may 
be  repeated  without  signal  degradation.  Transient  NM  R 
for  explosives  detection  makes  use  of  multiple  transmit¬ 
ted  pulses  of  appropriate  energy  and  spacing  to  aid  in 
achieving  selectivity  to  the  time  constants  and  to  the 
‘H-‘^N  cross  coupling  properties  of  the  signal  from 
explosives. 

The  block  diagram  in  Figure  3  shows  the  basic 
components  for  a  transient  NMR  system.  The  sequenc¬ 
er  generates  the  pulses  of  appropriate  widths  and 
repetition  rates  to  drive  the  radio  frequency  transmitter 
and  to  control  the  signal  processing.  Pulses  of  radio 
frequency  energy  applied  to  the  sample  coil  through  the 
coupling  network  produce  the  required  pulsed  electro¬ 
magnetic  (RF)  held  in  the  sample.  The  sample  coil 
also  senses  the  NMR  response  and  connects  the  signal 
through  the  coupling  network  to  the  receiver  where  it  is 
amplified  and  demodulated.  After  detection,  the 
HTNMR  signal  is  processed  to  extract  the  desired 
information  and  the  results  displayed,  recorded  or  used 
for  control. 

3.  APPLICATION  TO  EXPLOSIVES  DETECTION 

Any  acceptable  explosives  detection  system  must 
rapidly  inspect  all  bags,  in  *as  received’  condition, 
without  causing  damage  and  must  reliably  detect  all 
explosives  in  quantities  of  concern  regardless  of  the 
configuration  and  distribution  and  must  produce  a 
minimum  of  false  alarms.  These  criteria  can  be 
realized  only  if  the  apparatus  responds  to  a  .signature 
that  is  specific  to  explosives  and  which  is  not  encoun¬ 
tered  in  other  materials  commonly  found  in  quantity  in 
baggage.  In  addition  the  inspection  apparatus  must 
have  sufficient  sensitivity  to  produce  a  signal  level  from 
the  smallest  quantity  of  explosive  of  interest  that  is  well 
above  both  the  apparatus  noise  level  and  any  clutter 
level  which  results  from  the  baggage  contents.  This 
condition  must  hold  even  in  the  presence  of  the  degrad¬ 
ing  effects  of  the  bags  and  contents.  These  capabilities 
have  been  realized  in  magnetic  re,sunance  inspection 
apparatus  through  use  of  rather  simple  and  un-sophisti- 
cated  NMR  techniques  compared  to  those  that  are  now 
available  and  common  in  analytical  and  imaging  labora¬ 
tories.  However,  these  simple  methods  do  work  quite 
well  in  the  practical  environment  encountered  in  airport 
baggage  inspection. 


In  the  HTNMR  system  the  baggage  passes  through  a 
polarizing  magnetic  field  of  selected  intensity  and  then 
into  the  inspection  magnet.  Initially  the  bags  moved 
continuous  through  the  apparatus  at  a  speed  of  about  2- 
feet/second.  In  this  "continuous  mode"  the  detection 
sensitivity  was  found  to  be  acceptable  but  the  "false 
alarm”  rate  was  too  high.  To  alleviate  this  problem  the 
bags  now  pause  for  less  than  one  (1)  second  in  the 
inspection  magnet  while  the  HTNMR  data  required  for 
inspection  is  acquired.  The  bag  remains  stationary  for 
a  short  time  while  the  computer  processes  the  data  and 
indicates  "alarm",  "pass"  or  "inadequate  test".  In  the 
system  previously  implemented  the  inspection  rate  was 
10  to  12  bags  per  minute  but  this  can  potentially  be 
increased  to  near  30  bags  per  minute. 

The  HTNMR  data  required  for  processing  is  obtained 
in  a  set  of  multiple  pulse  sequences.  These  data  allow 
HTNMR  signals  from  materials  having  the 
characteristics  of  explosives  to  be  recognized  in  the 
presence  of  the  (typically)  much  larger  HTNMR  signals 
from  the  normal  baggage  contents.  The  processing 
algorithms  are  such  that  effects  of  the  baggage  and 
contents  on  the  magnetic  field  intensity  and  homogene¬ 
ity  and  on  the  sensor  coil  resonance  characteristics  are 
minimized.  The  result  is  that  quantities  of  explosives 
greater  than  the  threat  level  can  be  detected  with  a  high 
probability  while  potential  false  alarms  from  much 
greater  quantities  of  non-explosive  materials  are  greatly 
suppressed.  This  is  accomplished  in  essentially  one  test 
sequence  without  benefit  of  any  signal  averaging  by 
making  use  of  the  T|,  Tj  and  'H  -  '*N  level  crossing 
characteristics  of  the  HTNMR  signals. 

4.  ENHANCED  PERFORMANCE 

There  are  several  areas  where  enhanced  performance 
could  make  magnetic  re.sonance  technology  even  more 
capable  of  meeting  the  needs  for  an  operational 
explosive  detection  system.  One  of  these  is  operation 
at  lower  magnetic  field  intensities  to  eliminate  the  need 
to  remove  recorded  magnetic  media  prior  to  inspection 
and  to  enhance  the  capability  to  effectively  inspect  ail 
bags. 

The  original  work  was  directed  toward  detection  of  bulk 
(.solid)  explosives  but  developments  over  the  past 
several  years  have  shown  the  need  to  also  detect  liquid 
and  emulsion  type  explosives.  Means  for  adding  this 
capability  are  known. 

Improved  specificity  to  explosives  could  produce 
substantial  reduction  in  the  false  alarm  potential  and 
perhaps  als^  extend  the  capability  to  detect  smaller 
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quantities  of  explosives.  Increased  tolerance  for  the 
effect  of  the  bag  and  contents  could  also  potentially  im¬ 
prove  the  detection  probability  and  reduce  the  false 
alarm  rates. 

Of  course,  to  be  acceptable  any  or  all  of  the  foregoing 
enhancements  must  be  achieved  without  substantially 
increasing  the  inspection  time,  the  magnetic  field 
intensity,  or  the  size,  weight  and  cost  of  the  apparatus. 
The  improvements  must  also  cause  no  damage  to  the 
bag,  be  accomplished  with  acceptable  baggage  handling 
practices,  and  be  tolerant  of  the  effects  of  the  bag  and 
contents  on  the  RF  and  magnetic  field  homogeneities 
and  intensities.  Current  work  of  the  authors  is  being 
directed  toward  practical  achievement  of  enhanced 
capabilities  in  most  of  the  identified  areas. 

REFERENCES 

1.  King,  J.D.,  ’Nuclear  Quadrupole  Resonance 
in  Ammonium  Chlorate  and  Ammonium 
Perchlorate,’  M.S.  TTiesis  St.  Mary’s 
University,  San  Antonio,  Tx.  (May  1963). 

2.  King,  J.D.,  Rollwitz,  W.L.,  and  Matzkanin, 
G.A.  ’Nuclear  Magnetic  Resonance  Mine 
Detection,  Part  I,’  USAEERD  Contract  No. 
DAAK02-72-C-0467,  Final  Report,  AD 
5225380,  October  1973. 

3.  King,  J.D.,  Matzkanin,  G.A.,  Shaw,  S.D., 
and  Squire,  R.E.,  ’Nuclear  Magnetic 
Resonance  Mine  Detection,  Part  II,’ 
USAMERDC  Contract  No,  DAAK02-72-C- 
0467,  Final  Report  AD  52  709L,  December 
1973. 

4.  Gonano,  R.,  Matzkanin,  G.A.,  King,  J.D., 
and  Rollwitz,  W.L.,  ’Hydrogen-Nitrogen 
Cross  Relaxation  in  Hexamethylenetetramine," 
presented  at  3rd  International  NAR 
Conference.  Tampa  Florida,  April  1975, 

5.  Gonano,  R.,  Stewart,  G.S.,  King,  J.D., 
Matzkanin,  G.A.,  and  Rollwitz,  W.L., 
’Concealed  Explosives  Detection  by  Means  of 
Nuclear  Resonance  Techniques,’  Proceedings 
of  the  1975  Carnahan  Conference  on  Crime 
Countermeasures,  Lexington,  Kentucky,  pp. 
14-148,  May  1975. 


6.  King,  J.D.,  Rollwitz,  W.L.,  and  Matzkanin, 
G.A.,  "Nuclear  Magnetic  Resonance 
Techniques  for  Explosives  Detection,"  U.S. 
Army  Mobility  Equipment  Research  and 
Development  Center,  Final  Report,  Contract 
No.  DAAK02-74-C-0056,  AD-C-003154,  June 
1975. 

7.  Rollwitz,  W.L.,  King,  J.D.,  and  Shaw,  S.D., 
and  U.S.  Dqwrtment  of  Transportation, 
"Determining  the  Potential  of  Radioftequeocy 
Resonance  Absorption  Detection  of  Explosives 
Hidden  in  Airline  Baggage,  Parts  I  and  II,* 
FAA  Report  No.  FA.RD-75-29  October  1975. 

8.  King,  J.D.,  De  Los  Santos,  A.,  Rollwitz, 

W.L.,  "Nuclear  Magnetic  Resonance 

Techniques  for  Explosives  Detection,  Part  HI,* 
U.S.  Amy  MERADCOM,  Final  Rqwrt  Part 

III,  Contract  No.  DAAK02-74-C-0056,  AD- 
B026059,  Feb.  1977. 

9.  King,  J.D.,  De  Los  Santos,  A.,  Rollwitz, 

W.L.,  "Nuclear  Magnetic  Resonance 

Techniques  for  Explosives  Detection,  Part 

IV, "  U.S.  Amy  MERADCOM,  Final  Report 
Part  IV,  Contract  No.  DAAK02-74-C-0056, 
AD-B026430.  Fed.  1978. 

10.  Marino,  R.  A. ,  "Detection  and  Identification  of 
Explosives  by  Nitrogen-14NQR,*  Proceedings 
of  The  New  Conceits  Synqposium  and 
Workshop  oa  Identification  and  Detection  of 
Explosives,  Reston,  VA.,  Nov.  1978. 

11.  King,  J.D.,  Rollwitz,  W.L.,  Gonano,  J.R., 
"Applications  of  Nuclear  Resonance 
Techniques  to  the  Detection  of  Explosives," 
1978  Carnahan  Conference  on  Crime 
Countermeasures  Lexington,  Ky.,  May  1978. 

12.  King,  J.D.,  Rollwitz,  W.L.,  De  Los  Santos, 
A.,  Gonano,  J.R.  "Applications  of  Nuclear 
Magnetic  Resonance  to  the  DetecticA  and 
Identification  of  Explosives,"  Proceedings  of 
the  1978  New  Concepts  Symposium  on  the 
Detection  and  Identification  of  Explosives, 
Reston,  VA.,  published  April  1979. 


481 


13.  King,  J.D.,  Rollwitz,  W.L.,  and  Gonano, 
J.R.,  "Defection  of  Contraband  on  the  Person 
by  Means  of  Nuclear  Magnetic  Resonance,” 
Proceedings  of  the  1978  New  Concepts 
Symposium  on  the  Detection  and  Identification 
of  Explosives,  Reston,  VA,  published  April 
1979. 

14.  Rollwitz,  W.L.,  King,  J.D.,  and  Matzkanin, 
G.A.,  'Fundamentals  of  NMR  for  the 
Detection  and  Idratification  of  Explosives,” 
Proceedings  of  the  1978  New  Concepts 
Symposium  on  the  Detection  and  Identification 
of  Explosives,  Reston,  VA,  published  April 
1979. 

15.  King,  J.D.,  ”NMR  Discrimination  Apparatus 
and  Method  Therefor,”  U.S.  Patent  No. 
4,166,972,  (Sept.  4,  1979)  Israeli  Patent  No. 
58,168,  Canadian  Patent  No.  1,130,631. 

16.  King,  J.D.,  Rollwitz,  W.L.,  and  De  Los 
Santos,  A.,  'Advances  in  Magnetic  Resonance 
for  the  Detection  of  Bulk  Explosives,” 
Proceedings  of  the  3rd  International 
Conference  on  Security  through  Science  and 
Engineering,  Berlin,  W.  Germany,  Sept.  23- 
26,  1980. 

17.  De  Los  Santos,  A.,  King,  J.D.,  Rollwitz, 
W.L.,  'Development  and  Evaluation  of  a 
Prototype  Checked  Baggage  System~NMR 
Technique,"  U.S.  Dept,  of  Transportation, 
Federal  Aviation  Administration,  Final  Report 
Contract  No.  DOT-FA77WA-3968,  FAA-RD- 
8-46,  Feb.  1981,  also  Addendums  I,  II,  III, 
and  IV. 

18.  King,  J.D.,  Rollwitz,  and  De  Los  Santos,  A., 
'Nuclear  Magnetic  Resonance  for  Explosives 
Detection,"  ASTM  Symposium  on  Airport 
Security,  Philadelphia,  PA  April  22,  1982. 

19.  Rollwitz,  W.L.,  and  J.D.  King, 
"Radiofrequency  Resonance  Absorption 
Spectroscopy  (RRAS)  Methods  for  the 
Detection  and  Analysis  of  Explosive,” 
Proceedings  of  the  International  Symposium  on 
Analysis  and  Detection  of  Explosives,  FBI 
Academy,  Ouantico,  VA,  March  29-31, 1983. 


20.  King,  J.D.,  Rollwitz,  W.L.,  and  De  Los 
Santos,  A.,  "Magnetic  Resonance  Inspection 
Systems  for  Explosives  Detection,"  ASTM 
Symposium  on  Explosives  Detection  for 
Security  Applications,  Philadelphia,  PA. ,  April 
1983. 

21.  De  Los  Santos,  A.,  et.  al.,  "Baggage 
Inspection  Apparatus  and  Method  for 
Determining  the  Presence  of  Explosives,"  U.S. 
Patent  No.  4,514,691  (April  30,  1985). 


482 


FIGURE  1.  P80TOTFPE  BAGGMX  SYSTEM 


TO 

ELECTRONIC 

SYSTEM 


FIGURE  2.  BASIC  NMR  DETECTION  CONCEPT 


484 


SEQUENCER 


riom  I.  ■u>cs  bimmii  or  nricu.  nunisn  m  ststem 


EXPLOSIVE  DETECTION  USING  MICROWAVE  IMAGING 


David  G.  Falconer,  Pb.D.,  and  David  G.  Watters,  Ph.D. 
Remote  Measuiemeots  Laboratory 
SRI  International  Menlo  Park,  CA  94025 


1.  INTRODUCTION 

We  have  developed  a  microwave  technique  for 
detecting  high-explosives  (HEsy,  illegal  drugs,  and 
other  contraband  in  checked  airline  luggage.  Our 
technique  detects  chemical  contraband  by  microwave 
radiation  and  measuring  the  magnitude  and  phase  of 
the  backscattered  radiation  with  coherent  receivers. 
From  the  collected  data,  we  form  a  three-dimensional 
image  of  the  checked  luggage  and  its  contents  by 
means  of  pulse-synthesis  and  synthetic-aperature 
techniques.  Special  image-segmentation  software 
isolates  suspicious  portions  of  the  microwave  image 
in  preparation  for  spectroscopic  analysis.  We  estimate 
the  .microwave  spectrum  of  the  isolated  volumes 
using  an  inverse  Fourier-transform  algorithm. 
Suspicious  chemicals  are  identified  by  examining  the 
estimated  spectrum  for  characteristic  absorptioa  lines 
and  resonance  structure. 

We  have  demonstrated  our  inspection  technique  using 
simultnUi  for  both  HE  and  cocaine.  In  particular,  we 
have  used  our  microwave  anechoic  chantber  to 
illumitute  and  image  a  soft-sidod  suitcase  containing 
both  powdered  sugar  (oqr  cocaine  simulant)  and 
ammonium  suif^  (our  HE  simulant).  We  then 
segmented  the  suspicious  portion  of  the  microwave 
image.  Using  inverse  algoiiihrm,  we  returned  our 
segmented  data  to  (he  frequency  domain  and  (hereby 
obtained  rough  estimates  of  (he  microwave  spectra  of 
the  suspicious  regiomt.  Finally,  we  have  compared 
(he  estimated  spectra  with  reference  ones  taken  on 
bulk  samples  of  (he  same  materials  and  were  readily 
able  to  differenltate  the  (wo  simulants. 

2.  SPECTROSCOPIC  MICROW  A  VC  IMAGING 
2.1  Mkrowavft  lutafint 

Radio-frequency  engineers  use  spatial  and  temporal 
diversity  to  form  three-dimensional  images  of  their 
microwave  targets.  Although  implementalions  vary 
widely,  (he  traditional  approach  (o  microwave 
imaging  uses  mechanical  motion  to  .scan  (he  azimuthal 
coonlifiate.  pulsed  or  frequency-swept  illumination  to 


obtain  the  range  coordinate,  and  a  receiver  array  to 
measure  the  elevationel  coordinate.  The  azimuthal 
scan,  which  can  be  almost  arbitrary,  is  usually 
achieved  by  translating  or  rotating  either  the  target 
body  or  the  illuminating  device.  (Translational  and 
rotational  motions  allow  one  to  image  the  azimuthal 
coordinate  with  a  fast  Fresnel  or  Fourier  transform, 
re&pec'.ively.)  The  microwave  illumination  can  also 
take  many  forms, including  a  sbarp(nanosecond-type) 
pulse, a  chirped  (linear  FM)  emission,  or  sequenced 
(pseudorandom)  illuminations.  (In  the  latter  two 
cases,  analog  or  digital  processing  serves  (o 
synthesize  a  narrow  pulse.)  Although  the  elevational 
coordinate  can  be  also  bo  obtained  with  a  mechanical 
scan,  time  and  cost  constraints  u-sually  favor  receiver 
arrays  that  can  gather  the  scattering  daU  is  some 
parallel  fashion. 

2,2  Microwave  Speclroeicupy 

Microwave  spectroset^y  provides  information  about 
the  molecular,  a.s  opposed  to  (he  atomic,  structure  of 
the  test  sanqite.  In  backscatter  spectroscopy,  one 
iliuminates  the  test  sample  with  microwave  radiatioa 
of  varying  wavelength,  measures  the  amount  of 
backscattered  radiation  at  each  wavelength,  and, 
asing  appropriate  calibration  data,  computi^  (he 
volumetric  scattering  cross  section  for  the  test  sample 
as  a  function  of  wavelength.  (Microwave 
spectroscopy  is  capiUde  of  measuring  both  (he 
complex  permittivity  and  permeability  of  the  test 
sample,  although  unit  permeability  is  often  a.ssumed.) 
Absorption  and  resonance  bands,  a.s  welt  as  (he 
general  scattering  level,  provide  clues  as  to  the 
chemical  nature  of  (he  iltumioaled  sample. 

Microwave  spectroscopy  differs  from  atomic 
spectrosci^y  in  (hat  the  absorption  and  rc.^onance 
tine.«  are  highly  broadened,  i.c.  have  low  Q  values. 
Such  broadening,  which  is  traceable  to  coupling 
meehinisms,  thermal  agitations,  and  dissipative  fosses 
at  the  molecular  bonds,  reduces  the  disertmination 
capability  of  microwave  spectroscopy.  Microwave 
spectra  are  aUo  sulyeci  to  optical  type  effects,  e.g.. 


constructive  and  destructive  interference.  Such 
interference  occurs  when  the  radiation  wavelength  is 
comparable  to  the  physical  size  of  the  test  sample. 
The  latter  effects  distort  the  recorded  spectra  and 
must  be  treated  before  identifying  the  resonance  and 
absorption  bands  of  the  test  chemical  itself.  When  the 
test  sample  is  heterogeneous,  one  must  image  the  test 
sample,  segment  the  microwave  image  into 
homogeneous  regions,  and  finally  apply  the 
spectroscopic  procedure  to  each  region  individually. 

3.  LABORATORY  STUDIES 

3.1  SRl’s  Rest  Chamber 

Figure  1  contains  plan  and  elevational  drawings  of 
SRI 's  REST  Chamber.  The  transmit  horn  serves  to 
illuminate  the  target  zone;  the  receive  horn  measures 
the  amplitude  and  phase  of  the  backscattered 
radiation.  An  absorbing  baffle  between  the  two  horns 
isolates  the  transmit  horn  from  die  receive  horn.  An 
HP  8310  network  analyzer  steps  the  transmit  horn 
from  2'18  GHz  in  as  many  as  801  distinct  steps.  The 
microwave  target  sits  atop  a  routing  inflatable  or 
foam  column  and  is  illuminated  by  the  transmit  horn 
at  the  lOO-mW  level.  As  the  Urget  routes,  the  HP 
8510  measures  and  digitizes  die  backscattered 
radiation.  The  digitiml  measurements  ere  then 
handed  over  to  an  HP  Spectra  computer,  which  forms 
a  two'dimensitmal  image  of  the  scattering  body.  The 
imaging  system  is  calibrated  using  an  atuminuro 
sphere.  Miscellaneous  reflections  (range  clutter)  are 
suppre.«ised  with  phasor-diffcrencit^  techniitues. 
Using  a  color  graphics  monitor,  the  system  operator 
can  segment  the  two-dimensional  imagery  widi 
respect  to  its  downrange  and  crossrange  coordinates^^. 
Following  segmenuiion,  selected  rscgions  are  inverse- 
tnmsfomted  widi  rsespect  to  their  downraage  and 
crtKsrange  coordinatet,  which  yields  eadi  regtoo's 
scattering  cross  section  as  a  functiuo  of  iSumiaatios 
wavelength. 

3.2  Bulk-Saitiplt 

Wo  have  used  our  REST  Chmber  W  develop 
appmaitnate  relWeoce  spectra  for  i!E  ond  oocabe 
sitmilanu.  in  parftcular.  wc  have  iUiimioated  a  b-oz 
cup  of  ammoarum  sulfate  widt  rmcrowive  radiation 
faetweim  2- 18  GHz  and  then  meturded  the  backacaitcr 
level  at  each  sllommation  wavel^gth.  The  resutting 
recording,  which  is  shown  in  the  upper  curve  of 
Figure  2.  iadicatea  the  geneul  scattering  lev^  for 
Ihia  simulaat.  (The  severd  «cailc^  in  (he  recorded 


pattern  are  not  spectroscopic-type  absorption  or 
resonance  lines,  but  rather  interference  effects 
associated  with  the  size,  shape,  and  contents  of  the  6- 
oz  cup.)  We  have  also  illuminated  a  similar  volume 
of  two  cocaine  simulants,  granulated  and  powdered 
sugar.  Note  that  the  microwave  cross  sectimis  for 
these  samples,  diown  as  the  lower  two  curves  of 
Figure  2,  are  roughly  12  dB  lower  than  that  for  the 
HE  simulant.  Note  too  that  the  maxima  and  minima 
of  the  two  scattering  patterns  appear  at  different 
frequencies  and  with  difterent  periodicities,  as  would 
be  expected  with  chemicals  of  differing  refractive 
indices. 

3.3  Mtottwave  Inuge  of  Soft-Sided  Suitcase 

To  illustrate  our  wall-penetration  capability,  we 
placed  a  2  lb  box  of  ammonium  sulfue  in  a  soft-sided 
suitcase  and  then  imaged  this  target  in  our  REST 
Chamber.  A  monochrome  version  of  the  microwave 
image  is  shown  in  Figure  3.  The  wails  of  the  suitcase 
can  be  seen  as  a  coarse  outline,  and  the  box  of 
unmoniurn  tatlfUe  can  be  Men  within  the  walla* 
outline,  Tb)  downrange  resolution  (c/2Af)  for  this 
imageiy  is  governed  by  the  hand  width  (i»f)  of  the 
iltuminxting  radiation,  and  the  emssrange  r»oluteoa 
(XR/2D)  by  the  radiation  wavdeogth  (X),  syalhetic 
aperture  (D),  and  target  range  (R). 


3.4  Chmpartetm  of  Reforoaoe  nad  EitiiiMted 

To  illustrate  our  concqRs  for  detectiof  and 
identifying  chemka*.  contrabaBd  in  checked  tugf^se, 
we  have  manu^ily  segmented  the  Umge  into  its 
heoiga  (walls)  sou  stu^bnoua  areas  (ammottium 
sulfate).  We  then  diacarded  the  benign  pottiooa  of  the 
microwave  unafs  acd  bversc-bnuifMined  dm 
remaining  ptutton,  thereby  <btcimjcig  the  acattwing 
spectnun  diown  in  the  das^d  curve  of  Figure  4. 
When  compered  againei  the  two  bulk  a^pectra  (Figure 
2),  it  is  dviar  tbd  the  general  level  of  the  eaiisaited 
spectfum  is  cotnparaMe  to  that  for  ammoSBUra 
aiKate,  but  far  stronger  Utam  that  for  gramdated  or 
powdered  sugar.  As  noted  above,  (he  pedes  and  nulls 
of  the  microwttve  ^>ectra  diowa  in  Figurea  2  and  4 
are  related  to  the  physied  shspe  of  their  re^reeffye 
conuinera  (cup  or  box),  sot  to  the  absorption  apectri 
04  the  chemicals  themselves.  Hence,  the  spectml 
details  of  the  three  curves  are  not  directly  comparable 
atd  thus  provide  tmaddttitmdideoUfyiagiofontstt^ 
on  the  test  sangile. 
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4.  CONCLUSIONS  AND  RECOMMENDATIONS 


We  find  that  microwave  techjniques  are  capable  of 
penetrating  and  imaging  the  interiors  of  nonmetallic 
suitcases.  With  appropriate  image  segmentation,  such 
techniques  can  estimate  the  general  level  of 
microwave  scattering  for  each  chemical  compound 
within  the  suitcase.  Under  favorable  conditions,  the 
estimated  spectra  serve  to  identify  the  molecular 
character  of  each  segment  of  the  microwave  image. 

Our  technique  for  detecting  chemical  contraband 
could  benefit  from  operation  at  higher  microwave 
frequencies,  e.g.,  30-100  GHz.  Higher  illumination 
frequencies  would  also  provide  better  spatial 
resolution  and  a  more  productive  spectral  band  for 
differentiating  molecular  compounds.  However, 
higher-frequency  illumination  would  penetrate 
suitc.ase  walls  less  effectively  and  would  thus  require 
higher  power  (1-W)  illuminaion;.  Such  illuminators 
are  stili  safe  "nd  well  within  the 
microwave/millimeter-wave  art. 

Our  discussion  has  ueglected  a  number  of  technical 
issues  special  to  the  microwave  imaging.  In 
particular,  wt  have  set  aside  the  second-order  effects 
of  beam  attenuation  and  multiple  scattering.  These 
issues  can  be  important  ones,  especially  when 
imaging  targets  ihat  fail  the  traditional  as.sumption 
that  the  scattering  body  "repre.sents  tenuous  or 
diaphanous  medium."  Microwave  specialists, 
including  SRI  International,  are  currently  devoting 
considerable  time  and  energy  to  the  management  and 
treatment  of  these  effects. 
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FiGURE  2  BULK  SCATTERING  SPECTRA  FOR  AMMONIUM  SULFATE.  GRANULATED  SUGAR.  AND 
POWDERED  SUGAR 
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FIGURE  3  MICROWAVE  IMAGE  OF  SUITCASE  CONTAINING  2-lb  BOX 
OF  AMMONIUM  SULFATE 
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RGURE  4  SEGMEfOTED  AND  REFERENCE  SCATTERING  SPECTRA  FOR  AMMONIUM  SULFATE 
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1.  INTRODUCTION 

Magnetic  resonance  has  been  under  consideration  for 
nearly  20  years  as  a  possible  means  to  detect 
explosives  in  airline  baggage,  as  described  in  several 
other  papers  in  this  present  proceedings  (Marino; 
Buess  et  al;  McKay  et  al;  Sanders  and  Barnett;  King 
et  al)  and  elsewhere  (De  Los  Santos  et  al,  1981).  In 
particular,  nuclear  magnetic  resonance  (NMR)  has 
been  subject  to  substantial  test  and  evaluation  via  op* 
erational  prototype  apparatus.  NMR  is  usefully  lim¬ 
ited  to  reliance  on  one  resonant  signal,  viz.,  that  of 
the  hydrogen  nucleus.  This  is  the  only  nucleus  pres¬ 
ent  in  adequate  concentration  in  explosives  for  suffi¬ 
cient  signal-to-noise  ratio. 

The  NMR  method  is  practically  limited  by  several 
considerations  to  use  of  magnetic  fields  below  1000 
Oe.  This  rules  out  any  application  of  frequency-  or 
field-dq)endent  spectroscopic  signatures,  on  which  so 
much  ^emical  research  and  analysis  is  based. 
Rather,  discrimiiution  is  based  on  a  rather  unique 
cond)ination  of  relaxation  phenomena  in  explosives- 
viz.,  long  T|  and  short  Tj,  which  is  in  contrast  to  all 
expected  substances  likely  to  be  found  in  baggage 
(including  the  luggage  container).  A  further  boon  is 
die  quadruple  resonance  (NQR)  of  nitrogen  nuclei, 
which  is  field-independent.  By  tuning  the  NMR  to 
the  NQR  frequency  (requiring  a  field  of  about  800 
Oe),  a  very  efficient  level-crossing  energy  transfer 
occurs,  and  both  the  sensitivity  and  uniqueness  of  the 
signature  are  greatly  enhanced.  Nonetheless,  certain 
weaknesses  and  ambiguities  of  low-Edd  NMR  make 
it  desirable  to  seek  enhancements  or  operational 
alternatives.  This  paper  presents  limited  r^ts  and 
discussion  of  some  possible  enhancements. 


2.  ELECTRON  SPIN  RESONANCE  (ESR) 

Electron  spin  resonance  (ESR),  also  called  electron 
paramagnetic  resonance  (EPR),  is  analogous  to 
NMR,  but  relies  on  the  Zeeman  energy  of  unpaired 
electrons  rather  than  nuclei.  It  is  limited  to  the  small 
proportion  of  materials  which  have  free  spins;  but 
when  applicable,  it  benefits  from  this  uniqueness  and 
an  inherent  sensitivity  around  15000  times  that  of 
NMR.  In  practice,  this  advantage  varies  widely,  de¬ 
pending  on  relative  fite-spin  concentration,  which 
seldom  ^)proaches  that  of  hydrogen  in  materials  of 
interest  here,  and  ESR  linewidth,  which  is  generally 
larger  than  for  NMR.  However,  despite  all  this, 
ESR  is  excqrtionally  sensitive  to  one  mqjor 
explosive-common  black  powder  (De  Los  Santos  et 
al,  1981),  which  is  readily  detectable  with  extremely 
high  signal-to-noise  (s-n)  ratio. 

A  representative  ESR  signal  from  black  powder  is 
shown  in  Fig.  1.  The  sample  quantity  in  this  case 
was  18  mg,  and  the  signal  was  detected  in  a  com¬ 
mercial  Broker  300  spectrometer  operating  at  X- 
band,  3000  Oe.  The  s-n  ratio,  not  at  all  optimized, 
for  a  1  g  sanq;>le  would  be  nearly  50000:1. 
Translated  to  0.5  Kg  of  explosive  at  800  Oe  in  a 
scaled-up,  baggage-size  *cavity*,  one  could  expect 
substantial  s-n  ratios.  Alternatively,  the  field  could 
be  greatly  reduced  for  a  lesser  but  still  useful  signal. 

Civilian  baggage  would  not  be  expected  to  contain 
other  materials  wdiich  give  a  signifreant  ESR  signal, 
since  most  common  organics  and  plastics  are 
processed  in  ways  which  inadvertently  or  intention¬ 
ally  preclude  free  radicals  (a  fortunate  circumstance, 
as  they  are  generally  highly  carcinogenic).  Another 
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considenitiin  is  that  black  powder  is  the  oldest  and 
most  accessible  explosive.  Finally,  black  powder¬ 
being  basically  car^  (charcoal),  sulfur,  and  potas¬ 
sium  uitrate-contains  no  hydrogen,  and  therefore 
cannot  be  detected  by  NMR.  In  view  of  all  this,  it 
seems  very  desirable  to  evaluate  the  iq)plication  of  an 
ESR  accessory  to  NMR  detectors,  for  sensitive  and 
interference-f^  detection  of  black  powder  in  non- 
metallic  luggage. 

3.  DYNAMIC  NUCLEAR  POLARIZATION 
(DNP) 

In  additim  to  the  very  strong  inherent  ESR  signal 
from  black  powder,  a  number  of  explosives  reveal 
smaller  ESR  signals  from  free-radical  componoits. 
One  such  signal,  from  nitrocellulose  pistol  powder,  is 
shown  in  Fig.  2.  The  s-n  ratio  here  is  much  lower 
than  for  black  powder,  about  1000  times  lower.  The 
source  of  these  paramagnetic  in^urities  is  not 
immediately  known,  as  the  material  itself  in  principle 
has  none.  However,  the  occurrence  of  ev^  small 
quantities  of  ESR-active  cotters  suggests  con¬ 
sideration  of  their  possible  useful  interaction  with  hy¬ 
drogen  nuclei.  Stimulation  of  the  ESR  of  free-radi¬ 
cal  impurities  can  produce  an  oiormous  effect  on 
NMR  signals  (Jeffries,  1963).  A  concentration  of 
0.001  M  free-radical  in  a  liquid  sample,  for  example, 
can  allow  an  enhancemoit  of  the  proton  NMR  signal 
by  a  factor  of  up  to  nearly  300  X  (Poindexter  et  al, 
1967).  In  solids,  an  enhancement  of  up  to  600  x  is 
attainable  (Jeffries,  1963),  even  with  low  spin-crater 
concentration. 

This  seeming  great  boon  for  augmenting  the  s-n  of 
NMR,  however,  is  not  practically  realizable  in  a 
baggage  inspection  situation.  The  full  enhancement 
requires  enough  RF  power  to  saturate  the  ESR 
resonance.  In  a  8in4)le  baggage-size  low-Q  resonator 
structure  for  ESR  at  800  Oe,  the  paramagnetic 
center  of  Fig.  2  would  require  some  100  kW  of 
power  at  2.2  OHz.  Not  only  is  such  power 
impractical,  it  would  clearly  be  dangerous-evra  in 
applicatimi  for  only  a  few  seconds.  Fortunately,  the 
strength  of  electron-nuclear  interaction  is  so  high  that 
even  a  1  %  saturatira  would  yield  an  NMR  signal 
gain  of  2:1.  Such  a  power  level  (1  kW)  might  be 
feasible  for  a  few  seconds.  Examples  of  DNP  en¬ 
hancements  in  a  laboratory  test  are  shown  in  Fig.  3. 

A  2:1  signal  inq>rovement  might  or  might  not  be 
directly  useful.  However,  its  presence  or  absence  of¬ 
fers  another  avenue  for  differentiation  of  NMR 


signals,  presently  based  on  relaxation  or  NQR 
phraomena.  It  seems  modestly  worthwhile  to  charac¬ 
terize  in  the  laboratory  all  organic  explosive  materials 
for  the  possible  DNP  effect  of  included  free  radicals 
upon  any  aq>ect  of  trait  of  the  hydrogen  NMR  signa¬ 
ture. 

4.  PERMANENT  MAGNET  FIELD  SOURCES 

Many  systems  such  as  those  of  NMR  require  static 
magnetic  fields  for  directional  biasing.  Traditionally, 
such  fields  are  provided  by  horseshoe  magnets, 
electric  solenoids  and  similar  primitive  devices. 
Since  the  advent  of  high-coercivity,  high  energy- 
product  materials,  such  fields  are  attainable  with 
much  more  compact,  convenient  and  elegant  perma¬ 
nent  magnet  structures  (Leupold  et  al,  1987). 

Such  structures  have  proven  themselves  to  be  so 
flexible  as  to  make  them  readily  adaptable  to  the  pro¬ 
duction  of  an  inq)ressive  variety  of  field  strengths, 
distributions  and  directions.  The  fields  can  be 
longitudinal,  such  as  those  of  the  permanent  magnet 
solenoids  pictured  in  Fig.  4,  or  transverse,  as  in  Fig. 

5.  These  structures  can  be  of  round,  square,  rect¬ 
angular  or  polygonal  cross  section.  Fields  can  be 
very  uniform  or  can  vary  with  position,  in  both  lon- 
gitudirul  and  transverse  directions.  As  can  be  seen 
from  the  flux  plots  in  Figs.  6-8,  excellent  uniformity 
is  attainable.  A  linear  gradient  of  equal  quality  is 
readily  feasible. 

In  principle,  all  of  the  structures  of  the  longitudinal 
variety  and  the  constant-field  cases  of  the  transverse 
type  completely  confine  the  magnetic  flux  to  the 
working  space  and  the  interior  of  the  magnetic 
structure.  This,  of  course,  obviates  the 
inconvenirace  of  large  stray  magnetic  fields  in  the 
vicinity  of  the  device  and  affords  proximity  with 
field-sensitive  equipment  if  close-packing  is  desirable. 
In  practice,  architectural,  fabricational,  and  financial 
considerations  dictate  compromises  in  manufacture 
that  make  flux  confinement  less  than  perfect. 
Nevertheless,  order-of-magnitude  leakage  reductions 
are  usually  attainable  without  difficulty. 

In  the  case  of  the  transverse  structures  that  employ  no 
passively  ferromagnetic  pole-piece  material  such  as 
iron,  all  fields  produced  by  individual  magnetic 
elements  are  additive,  that  is,  the  field  produced  by 
the  structure  is  the  vector  sum  of  those  produced  by 
each  of  its  components.  This  consideration  suggests 
the  possibility  of  a  mechanically  variable  field  source 
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such  as  that  of  Fig.  9.  This  stzucture  consists  of  two 
nested  cylindrical  field  sources,  each  of  wduch 
produces  the  same  ficdd  Hq  in  its  interior.  Maximum 
field  is  i»oduced  when  Ae  polar  axes  of  the  two 
cylinders  are  aligned,  and  zero  field  when  they  are 
anti-aligned.  If  the  cylinders  are  free  to  rotate  with 
respect  to  each  other,  any  field  over  the  range  ±  2He 
is  available. 

Design  details  and  an  extensive  bibliography  can  be 
found  in  a  recent  technical  r^rt  (Le^old  and 
Potenziani,  1990). 
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Hg.  2.  ESR  signal  6am  0.1  g  of  ntaoceDiilose  pisttd  powder.  Sigml^ioise  latio  for  same  conditions  as  in  Rg.  1 
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Fig.  5.  A  square  pemaneni  magnet  structure.  Rax  ts  a^n  confined  lo  the  interior.  Reid  augmentation 
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Rg.  7.  Transverse  magnetic  field  flux  in  a  rectangular  working  space.  The  large  arrow  indicates  the  working  field 
direction.  A  possible  use  is  in  an  NMR  imager. 
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Fig.  8. 
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1.  INTRODUCTION 

Explosive  vi^rar  detectors  are  chemical  sensors  which 
have  been  tuned  to  detect  a  few  critical  chemical 
compounds  at  very  low  concentrations,  evra  when  the 
explosive  molecules  are  immersed  in  a  sea  of 
background  material.  Their  performance  and 
effectiveness  are  limited  to  how  well  they  can  be 
tuned  to  reject  extraneous  compounds  and  signals. 
While  sensitivity  is  also  important,  selectivity  is  by 
far  the  dominant  factor.  For  this  reason,  this  paper 
focusses  on  detectability,  which  is  an  instrument’s 
ability  to  discriminate  between  the  analyte  of  interest 
and  the  background  signal  consisting  not  only  of  the 
sununation  of  electronic  and  chemical  noise,  but  also 
responses  due  to  unknown  chemical  compounds  in  the 
sample  matrix. 

For  an  instrument  to  register  a  positive  alarm  for 
each  chemical  species,  the  signal  strength,  5,  is 
defined  as: 

S  ‘  CR  (1) 


and  the  minimum  detectable  sigtul,  S^fg,  as 

(2) 

«•!  <*0 


where 

C  -  concentration  of  the  qrecies 

C^g  =  minimum  detectable  concentration  of 

explosives  for  i=0  ande=l 

R  =  instrument  response  per  unit 
concentration  as  if  it  were  an  explosive 

b  =  signal  to  noise  ratio  for  the  machine  to 
register  an  alarm  (typically  5:1) 

e  =  explosives  qrecies 

i  =i  interfering  species 

In  a  super-clean  environment  under  ideal  conditions, 

there  are  no  interfering  species  present  and  i  =  0. 
For  this  case,  to  register  an  alarm,  for  a  single 
explosive  species  Equation  2  reduces  to: 

S|0  =  Cjflf  Rg  (3) 


Cme,  measured  under  ideal  conditions,  is  often 
erroneously  used  as  a  figure  of  merit  in  comparing 
the  performance  of  instruments  of  different  types. 
Unfortunately,  Cmg  only  has  meaning  under  the  ideal 
pristine  conditions  under  which  it  was  measured.  In 
the  real  world,  where  there  are  n  potentially 
interfering  compounds  whose  identity  and 
concentration  are  unknown  to  the  user,  the 


505 


suDunatioa  tenn  in  Equation  2  dominates.  Thus, 
C,^,  the  minimuni  amount  of  explosive  uiiich  can  be 
detected  undo-  ideal  cooditioas,  is  a  meaningless 
quantify  which  seacves  only  to  distort  reality  and 
confuse  would-he  users. 


2.  FALSE  POSITIVES 

Under  practical  conditioos,  n  >  0  and  Equatko  2 
expands  to: 

*  Ciar  ^  i  ) 

(4) 

where  R„  Rj  are  instrument  responses  which  are 
indistinguishihle  from  an  explosive,  and  therefore 
overiiq)  with  R^.  Under  these  conditions,  the  sea  of 
potentially  interfering  conq>ouiids  combine  to 
moderate  S^e.  The  consequences  are  as  follows: 

First,  if  it  was  not  known  that  the  interferant(s) 
wa8(were)  present  in  sample  matrix  or  test 
environment,  S„(E(for  i>l)  will  be  >b,  and  an 
rqrpareat  positive  instrument  response  will  be 
recorded,  even  though  an  explosive  was  not  present. 
This  conditim  is  a  false  alarm,  and  the  importance 
and  nugnitude  depend  on  the  concmtraticm  of  the 
interfbrant  species  C,,  the  response  factor  R|,  and  on 
how  comtmn  the  interferant  conqx>und(8)  are  in  the 
test  environment 

If  the  technique  carmot  distinguish  between  the 
explosive  cortqwunds  of  interest,  then  every 
compound  in  the  universe  is  a  potential  interferant, 
and  the  likelihood  of  the  re^ronse  being  due  to  a 
conqwund  which  is  not  an  explosive  is  high.  A 
technique,  such  as  Thermal  Neutron  Activation 
(TNA),  for  exanqile,  senses  the  Nitrogen  (N)  in  all 
conqrounds  and  is  unable  to  distinguish  between  the 
N  in  the  different  types  of  explosives  or  from  the  N 
in  other  innocuous  materials  such  as  clothing  and 
foodstuff;  as  a  consequence,  it  suffers  from  an 
inherent  high  fidse  alarm  rate.  Also,  enhanced  X-ray 
systems  reqtond  to  all  organic  material  and  hence 
have  great  trouble  distinguishing  a  bar  of  chocolate  or 
a  wax  caitdle  from  a  plastic  explosive.  Similarly,  the 
earlier  generation  of  explosives  viqwr  detectors  udiich 
identified  explosives  as  a  group  and  did  not 
distinguish  between  the  different  types  of  explosives 
suffered  from  an  inherently  high  and  unacceptable 
Use  alarm  rate.  If,  however,  the  technique  can 


identify  the  individual  explosives  from  each  other, 
thra  only  conqxMmds  which  interfere  with  the 
particular  ^plosive  of  interest  can  give  a  positive 
reqxmse.  Positive  chemical  species  identification 
gmtly  reduces  the  likelihood  of  false  alarms  and 
helps  make  the  problem  solvable. 

Second,  if  it  is  known  that  the  interferant  was  present 
in  the  test  environment,  then  from  Equation  4,  C^e 
must  be  increased  for  that  environment. 

Thus,  if  body  sweat,  for  exanqde,  was  found  to  be  an 
interferant,  then  when  sampling  luggage  and  people, 
an  unacceptable  high  numter  of  false  alarms  would 
be  record^.  In  principle,  frdse  alarms  could  be 
reduced  by  decreasing  die  sensitivity  of  the  machine, 
efrectively  increasing  S^e.  However,  increasing  Sme 
is  effective  only  if  the  response  to  all  interferences, 
Ri  is  very  much  less  than  the  response  to  the 
explosive  (Re).  Thus,  even  if  the  response  to  the 
explosive  was  one  million  times  larger  than  the 
reqwnse  to  the  interferant.  Re  >  10*R„  the 
compound  could  still  be  a  major  one-for-one 
interferant  if  it  was  present  in  the  test  environment  in 
a  million  fold  excess  compared  to  the  explosive,  Q 
>  IO^Ce.  In  many  situations,  S^e  has  to  be 
increased  so  much  to  avoid  the  response  from 
interferences  that  explosives  can  no  longer  be 
detected  under  realistic  scenarios. 


3.  FALSE  NEGATIVES 

A  second  complicating  factor  arises  because  the 
response  to  an  explosive  Re  is  not  an  indepmideot 
variable,  but  rather  depends  on  the  type  of  detection 
technology  and  on  the  type  and  quantity  of  the  n 
conqmunds  in  the  environmoit: 

Rg  =/(  technology )  f  I  E  C,  R, 

V  t 

(5) 

Thus,  in  mass  spectrometric  and  electron  capture 
based  systems,  which  rely  on  electron  inqiact  to 
ionize  the  compound  of  interest,  other  species  can 
compete  for  the  limited  number  of  electrons, 
leading  to  a  lack  of  ions  of  the  compound  of  interest 
and  hence  a  decreased  response  to  the  explosive  Re. 
In  chromi'  ographic  systems,  the  liquid  phase  of  the 
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columns  can  be  ten^nrily  overloaded,  thneby 
causing  peak  retenticMi  times  to  shift.  Other 
molecular  ^>ecies  in  the  envutnunent  can  even 
interact  chemically  with  the  explosive  of  interest. 
The  result  of  these  interactions  is  usually  a  decrease 
in  re^nse  R^,  and  a  consequent  increase  in  S^ei 
which  implies  a  loss  in  sensitivity  to  the  explosive.In 
principle,  the  opposite  could  also  occur,  where  the 
interactions  lead  to  an  enhanced  sensitivity. 

Again,  there  are  two  consequences: 

First,  if  the  matrix  is  a  suitcase  or  a  person,  for 
exanq>le,  where  the  chemical  species  which  may  be 
present  are  unpredictable  or  unknown,  the  response 
to  the  explosive  is  decreased,  causing  S^b  to  be 
increased  to  some  value  above  the  detection  limit, 
resulting  in  a  &lse  negative  response.  This  is  the 
worst  possible  failure  mode  for  an  explosive  detector 
since  it  should  have  de4ected  the  explosive,  but  fiuled 
to  do  so  because  the  sea  of  conqiounds  in  the 
operating  environment  caused  the  detection  threshold 
to  be  increased. 

Second,  if  the  problem  is  well  documented  and 
understood,  the  sensitivity  of  the  instrument  can  be 
degraded  from  the  ideal  S^ECfor  i=0),  to  take  into 
account  the  anticipated  problems.  This  is  the 
approach  which  is  normally  taken,  based  on  empirical 
data  from  a  wide  cross  section  of  likely  sample 
matrices. 

4.  GENERALIZED  TESTING  PROTOCOLS 

The  minimum  detectable  signal,  SME(for  i=0),  under 
ideal  pristine  conditions,  is  generally  evaluated  using 
either  vapor  generators  or  dilute  solutions  of  pure 
explosives.  False  positives  are  nomrlly  evaluated 
by  exposing  the  instrument  to  likely  cotnpoxmds  of 
interest  at  concentrations  which  may  be  encountered 
in  the  environment,  and  observing  the  ■esponse. 
False  negatives,  the  most  serious  failure  mode,  are 
the  most  difficult  to  evaluate  and  understand,  and  are, 
as  a  result,  often  ignored. 

In  testing  for  false  negatives,  the  machine  must  be 
exposed  to  a  sample  of  the  explosive  at  the  detection 
limit  Cmb  together  with  the  potential  interferant.  If 
the  machine  fails  to  g:ve  a  response  to  Cme  in  the 
presence  of  the  potential  interferant,  then  the 
experiment  must  be  repeated  using  larger  and  larger 
amounts  of  explosive  until  the  system  gives  a 
response.  This  new  value  of  Cg,  is  the  true  minimum 
detection  level  in  the  presence  of  the  test  compound. 


Dust,  dirt,  tobacco  smoke,  cigarette  ash,  perfumes, 
body  odors,  etc.  are  typical  compounds  vtdiich 
severely  stress  an  instrument’s  ability  to  reject  false 
negatives.  Although  tt^g  for  false  negatives  is 
usually  not  carried  out  when  evaluating  different 
explosives  detectors,  we  find  it  to  be  the  single  most 
inqwrtant  test  of  &b  practical  usefulness  of  a 
particular  technology.  Many  workers  are  content  to 
accq>t  Cme  detection  limit,  not  realizing  that 
the  practical  detection  limit  in  the  real  world  can 
be  many  orders  of  j.uagnitude  greater,  Ce  >  Cme.  It 
is  a  humbling  experience  ittdeed  to  leam  how  difficult 
it  is  to  minimize  fidse  negative  failures. 

In  trace  level  cietection  at  (he  sub-nanognun  level, 
great  attentior.  needs  to  be  paid  to  all  surftwes  which 
come  in  contact  with  the  explosives.  A  common  flaw 
among  ex^tlosives  detectors  which  limits  their 
usefulness  under  practical  conditions  is  called 
"seeding*.  For  a  machine  to  be  of  practical  use,  it 
must  analyze  thousands  of  samples  per  day  without 
ever  coming  inro  contact  with  an  explosive. 
However,  when  an  explosive  at  the  practical  detecticm 
limit,  Cg  level  is  presented  to  the  machine,  it  must 
respond  positively,  without  the  material  reqxmsible 
for  Cg  being  adsorbed  or  absorbed  on  active  interior 
surfaces  sites  of  the  machine  and  as  a  consequence 
not  reaching  the  detector.  A  machine  which  needs 
"seeding"  may  perform  very  well  in  a  quick  test 
where  every  second  or  tenth  sample  is  an  explosive, 
but  may  ftul  totally  in  an  airport  environment  where 
only  one  in  every  hundred  thousand  samples  may  be 
an  ex^ylosive. 

The  "seeding"  effect  can  be  tested  by  operating  the 
machine  for  several  hundred  samples  without 
exposing  it  to  an  explosive  or  calibration  standard, 
and  then  determining  whether  the  effective  Cg  has 
been  compromised.  While  this  effect  is  rarely,  if 
ever,  included  in  laboratory  tests  and  acceptance 
protocols,  a  machine  which  needs  frequrat  "seeding* 
is  of  little  practical  value.  In  the  development  of  the 
Thermedic’s  high  speed  GC-chemiluminescence 
explosive  detector,  the  avoidance  of  the  "seeding" 
effect  turned  out  to  be  the  single  most  difficult  and 
challenging  technical  problem  which  had  to  be 
overcome. 


5.  INTERFERENCES 

As  scientists  succeed  in  lowering  the  minimum 
detectable  concentration  CMg,  the  number  of 
potentially  interfering  conqmunds  is  increased. 
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If  the  sensitivity  of  a  machine  is  improved,  say  100 
fold,  the  likelilKXid  of  having  a  &lse  alarm  problem 
is  thn^y  greatly  enhanced.  Unless  the  selectivity  of 
the  process  is  likewise  enhanced,  the  increased 
sensitivity  cannot  be  utilized.  It  is  for  this  reason 
that  selectivity  considerations  dominate  questions  of 
sensitivity,  since  the  effective  sensitivity  of  an 
instrument  in  the  real  world  d^>ends  entirely  on  the 
ability  of  the  system  to  reject  false  alarms.  Another 
exanqile  of  this  problem  occurs  with  TNA,  where 
improved  detection  ciqwbility  is  not  dependent  upon 
the  use  of  a  more  sensitive  sensor  for  nitrogm,  but 
rather  on  distinguishing  between  nitrogen  in  an 
explosive  from  nitrogoi  in  the  other  conqwunds 
which  are  also  present. 

6.  DICHOTOMOUS  KEY 

To  boost  selectivity  (and  thereby  sensitivity),  all 
modem  explosives  vapor  detectors  use  a  synergistic 
dichotomous  key  approach  to  help  reject  false 
readings.  Instead  of  using  a  single  selective  filter, 
multiple  filters  are  used  to  achieve  a  synergistic 
enhancement  in  detectability.  In  mass  spectrometry  - 
mass  spectrometry  (  MS  '  MS  ),  not  only  are  the 
mass  to  charge  ratios  of  the  parent  and  daughter  ions 
determined,  but  daughter  ions  are,  in  turn,  subject  to 
further  mass  spectrometric  analysis  and  the 
granddaughter  ions  are  also  positively  identified.  In 
triple  MS  a  third  stage  of  filtration  is  used.  In  some 
ion  mobility  spectrometers,  a  positive  identification  is 
generally  made  only  when  multiple  clusters  of  ions 
are  correctly  identified  on  the  same  sample.  In  the 
EGIS  explosive  detector,  a  string  of  18  sequential 
filters  is  used  before  the  machine  can  signal  an 
alarm. 

The  18  steps  could  be  performed  in  a  forensic 
laboratory  to  categorize  a  particular  species  where 
each  test  would  be  carried  out  on  a  separate  set  of 
apparatus.  Modem  computers  allow  die  entire  18 
step  filter  procedure  to  be  carried  out  in  less  than  20 
seconds. 

An  example  of  the  18  sequential  dichotomous  keys 
which  are  needed  to  identify  the  plastic  explosive, 
RDX,  are  shown  in  Figure  1.  Some  of  the  filters  are 
general,  particularly  at  the  beginning  of  the  sequence. 
Others  are  more  specific.  The  first  key  is  for  RDX 
to  be  held  on  the  concentrator.  In  key  2,  the  RDX  is 
desorbed  in  an  air  stream  and  frozen  out  on  a  cold 
spot  (key  3).  The  cold  spot  is  then  desorbed  in  a 
i^ucing  environoK-nt  (key  4)  to  release  the  RDX, 


vvhich  is  then  driven  through  a  gas  chromatographic 
column  (key  S).  On  leaving  the  column,  the  RDX  is 
decomposed  under  hydrogen  gas  to  produce  the 
nitrosyl  radical,  NO  (key  6  and  7).  The  NO  passes 
through  a  chemical  trap  (key  8),  after  which  it  is 
allowed  to  react  with  ozone  (key  9)  to  produce 
electronically  excited  NOj*.  The  NOj*  rapidly 
decays  (key  10)  to  its  ground  state,  giving  an 
emission  in  the  near  infia  red  spectmm  between  0.6 
and  1.0  microns  (key  11  and  12).  The  times  of 
arrival  at  the  detector  9  (key  13  and  14)  are 
determined  by  the  properties  of  the  gas 
chromatograph.  Narrow  peaks  due  to  extraneous 
photons  are  rejected  (key  IS)  as  are  broad  peaks  (key 
16).  A  peak  shape  algorithm  is  used  by  the  computer 
to  further  reject  extraneous  signals  (key  17).  Finally, 
a  signal  to  noise  ratio  of  the  right  shape  peak  at  the 
proper  time  of  greater  than  five  times  noise  is 
required  for  a  positive  identification  (key  18). 

While  any  single  key  of  the  dichotomous  chain  is 
relatively  non-specific,  taken  together  in  the  proper 
sequence,  the  entire  dichotomous  key  becomes  an 
extraordinarily  selective  filter.  As  a  result,  in  most 
environments,  the  system’s  false  positive  and  false 
negative  responses  are  greatly  reduced,  even  at 
concentrations  approaching  the  level  of  C^e.  Thus, 
even  though  GC-chemiluminescence  is  not  the  most 
srasitive  technique  which  has  been  tried,  the 
performance  under  realistic  conditions  at  airports  is 
rarely  degraded  much  from  the  C^e  level.  This  fact 
makes  its  full  design  sensitivity  available  for  most 
applications. 

A  further  extension  of  the  dichotomous  key  approach 
is  to  use  multiple  detection  technologies  in  an  overall 
system  approach  to  airport  security.  Thus,  the 
performance  of  X-ray  followed  by  vapor  gives  a 
further  synergistic  enhancement,  wherein  the 
performance  of  the  combined  X-ray-vapor  system 
exceeds  the  summation  of  the  performance  of  the  two 
parts  when  used  alone. 


DICHOTOMOUS  KEY 


rig.  1 


Explosive  held  on  coneentrotor. 

On  rapid  heating  in  oxidizing  environment,  intact  explosive  molecule 
released  from  concentrator. 


Held  on  cold  spot 

On  rapid  heating  in  redurang  environment  intoct  explosive  molecule 
released  from  cold  spot 


Intact  explosive  molecule  elutes  from  temperature  programmed  GC. 

Explosive  molecule  decomposes  eotalyticaily  in  reducing  environment 
T  >  325*C 

Explosive  molecule  decomposes  eotalyticaily  in  reducing  en^nronment 
T  <  375-C 

Decomposition  product  survives  chemical  trap.  Temporal  resolution 
mointalned. 

Decomposition  product  reacts  with  ozone  to  produce  electronically 
excited  species  which  emit  Ught 

All  ozone  reactions  fast  enough  to  be  completed  in  confines  of  flow 
reactor. 

Emission  in  infro-»red  >  D.6  micron.  Detected  by  photomultiplier 
tube. 


Emission  in  infra-red  <  t.O  micron.  Detected  by  photomuitipUer 
tube. 


□ution  time  >  4.310  sec. 


Dution  time  <  4.410  sec. 


Peck  width  >  0.040  sec. 

Peck  width  <  0.200  sec. 


Peok  shops  symmetrical. 

Peak  height  >  S/l  signol/noise. 
ALARM  CALL£D 
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EXPLOSIVE  VAPOR  EMISSION 


B.  T.  Kenna,  F.  J.  Conntd,  and  D.  W.  Hannum 
Sandia  National  Laboratory 
Albuquerque,  NM  87185 


1.  INTRODUCTION 

Emission  rates  of  explosive  vapors  from  explosive 
samples  dictate  whether  a  technique  will  provide  a 
constant  explosive  vapor  source  for  instrument 
evaluation.  Indeed,  emission  rates  determine  whether 
a  particular  detection  system  is  applicable  directly  for 
explosive  viqwr  detection  or  if  an  initial  ’helping” 
step,  such  as  preconcentration,  is  required. 

Two  questions  fusing  explosives  vapor  detection  are: 
(a)  Is  there  sufficieot  explosive  vapor  from  an 
explosive  device  to  permit  detection?  and  (b)  Can  an 
explosive  vapor  source  be  constructed  which  will 
provide  a  constant,  known  amount  of  explosive  vapor 
to  test  explosive  vapor  detection  .systems?  Many 
papers  have  been  written  regarding  the  first  question. 
The  most  complete  work  on  vapor  pressure  has  been 
reported  by  Dionne,  Rounbehler,  Achter,  Hobbs  and 
Fine  (1)  and  addresses  the  equilibrium  vapor  pressure 
as  a  function  of  temperature  for  various  explosives, 
including  TNT  and  RDX.  T.  A.  Griffy  (2)  has 
developed  a  model  to  predict  expected  explosive 
vapor  concentratioo  for  various  scenarios. 

2.  STATEMENT  OF  PROBLEM 

The  second  question,  which  is  the  primary  subject  of 
this  paper,  has  not  been  investigated  as  thoroughly  as 
the  first.  A  possible  reason  is  that  it  is  somewhat 
more  complex  than  just  knowing  the  equilibrium 
vapor  pressure.  Rather,  the  amount  of  explosive 
vapor  contained  in  a  gas  flow  over  the  pure  explosive 
surface  at  any  flow  rate,  at  any  temperature,  must  be 
determined.  The  question  is  complicated  further 
when  the  explosive  is  distributed  throughout  other 
materials,  for  example  RDX  in  C-4.  It  is  interesting 
to  note  that  this  point  also  impacts  the  first 
question. 

3.  DISCUSSION 

One  approach  to  the  .second  question  was  suggested 
by  Wm.  Dennis  (3).  The  ratios  of  equilibrium  vapor 
pressure  for  TNT  and  ONT,  for  example,  appear  to 
be  comparable  to  their  reqiective  emission  rates  in  a 


gas  flow.  For  example,  at  20  C  and  at  a  flow  of  20 
cm/sec,  their  emission  rate  ratio  is:  ErKr/Ho^n-  =  3.9 
X  10*^  which  is  similar  to  their  vapor  pressure  ratio, 
viz.  4. 1  X  10*^.  Assume  this  relation^ip  is  also  valid 
between  TNT  and  RDX,  i.e.,  Erdx  =  Enn- 
[Piujx/Ptnt]*  Th®  vapor  pressures  for  RDX  and  TNT 
can  be  obtained  from  the  paper  by  Dionne,  et.  al., 
(1).  Ena  obtained  from  the  data  by  Dennis  (3). 
Figure  1  demonstrates  the  vapor  emission  rates 
determined  for  TNT  and  calculated  for  RDX  from 
pure  TNT  and  RDX,  respectively.  Note  that  the 
curves  begin  to  approach  a  constant  emission  rate 
above  a  flow  rate  of  about  SO  cm/sec.  It  is  a  logical 
step  to  extend  this  to  explosive  vapor  emissions  at 
higher  temperatures,  still  utilizing  the  same 
assumption  stated  previously.  This  was  done  to 
provide  Figure  2.  Only  RDX  is  shown,  but  TNT 
would  give  similar  curves  at  higher  emission  rates. 

3.1  Explosive  Vapor  Sources 

One  type  of  explosive  npor  emission  source  is  a 
coiled  metallic  tube,  e.g.,  10  fl  x  0.12S-in  od,  filled 
with  l>mm  glass  beads  coated  with  pure  RDX.  The 
total  RDX  area  calculated  (inner  tube  surface  plus 
bead  surfKe)  was  664  cm^  This  coil  was  operated  al 
two  temperatures  (33  C  and  4S  C)  at  various  flow 
rales  and  the  total  flow  was  directed  into  an  IMS. 
The  area  of  the  peaks  generated  by  RDX  were 
determined.  Thi.H  data  is  compared  to  the  calculated 
emission  rate  of  RDX  in  Figure  3.  The  important 
point  is  not  that  the  experimental  data  fall  on  or  are 
close  to  the  calculated  curves  (this  is  probably 
fortuitous),  but  that  they  approximate  the  shape,  i.e., 
curvature,  of  the  calculated  curves.  This  is  amplirted 
in  Figure  4  which  compares  the  calculated  pg 
RDX/cm’  concentration  with  the  concentration 
represented  by  the  peak  area. 

A  second  type  of  explo.sive  vapor  generator  conlaimi 
RDX  depasited  on  a  wire  screen  which  is  in  the  path 
of  a  forced  healed  air  flow,  similar  to  a  hair  dryer. 
For  this  work,  a  US  sieve  .screen  was  assumed 
(19.6  cm^  area,,  i.e.,  4  mm  .sieve  opening,  1.13  mm 
wire  diameter,  with  2  mesh  per  cm^.  The  screen 
wire  area  wn ;  covered  with  RDX  and  was  calculated 
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to  be  31.7  cm^.  The  estimated  RDX  vapor 
concentration  as  a  function  of  temperature  at  a  flow 
rate  of  20  cm/sec  for  the  screen  is  provided  in  Figure 
S.  Also  shown  in  Figure  S  are  the  calculated 
concentrations  from  the  10-ft  tube  described 
previously,  a  corresponding  1-ft  tube  filled  with 
RDX-coated  1-mm  spheres,  and  the  equilibrium 
vapor  pressure  of  RDX  as  calculated  using  the 
equations  developed  by  Dionne,  et.  al.  (1). 

Naturally,  the  vapor  pressure  cannot  be  more  than  the 
equilibrium  vapor  pressure.  Therefore,  Figure  5  is 
illustrating  that  the  10-fl  and  l-ft  tubes,  filled  with 
RDX-coated  spheres,  yield  an  output  of  saturated 
vapor.  Each  wire  of  the  screen,  on  the  other  hand, 
would  be  similar  to  a  0.04  cm  length  tube,  and 
provides  a  constant,  but  unknown,  vapor  pressure 
source.  Both  types  of  sources  would  have  a  definite 
place  in  testing  instruments. 

3.2  RDXinC-4 

Dennis  (3)  has  suggested  the  concept  illustrated  in 
Figure  6.  Briefiy,  a  pure  RDX  particle  will  possess 
an  evaporation  rate  of  about  33  fg  RDX/cm^-sec. 
However,  in  a  material  such  as  C-4,  each  RDX 
particle  is  coated  with  oil  and  plasticizer.  The  RDX 
particle  is  not  open  to  the  outside  world;  instead,  a 
tiny  fraction  of  the  RDX  is  dissolved  in  the  coating  of 
oil  and  plasticizer.  Raoult's  Law  states  that  the  vapor 
pressure  of  a  solute  in  solution  is  equal  to  the  mole 
fraction  of  solute  multiplied  by  tire  vapor  pressure  of 
the  pure  solute,  Dennis  (3)  has  shown  that  the 
solubility  of  RDX  in  the  oil/plasticizer  is  low  and 
perhaps  on  the  order  of  0.1  microgram  per  mL. 
Therefore.  €>4  would  have  an  RDX  vapor  pressure 
on  the  order  of  3  x  10*^  fg  per  mL.  If  the  original 
assumption  pertains,  i.e.,  that  the  rate  of  evaporation 
scales  with  partial  pr^sure  as  in  a  pure  substance, 
then  the  RDX  evaporation  rate  from  new  C-4  would 
be  on  the  order  of  5  x  10"*  fg  RDX/cm^-sec.  Of 
course,  as  the  C-4  age  increases  and  the  oil  and 
plasticizer  concentrationfs)  decrease,  the  RDX  vapor 
emission  rate  from  C-4  should  increase  with  time 
since  more  'pure  RDX”  would  become  available  to 
the  outside  world.  Hov/ever,  the  point  to  be  made  is 
that  RDX  in  C4,  particularly  fresh  C-4.  may  be 
difficult  to  detect. 

3.3  Flow  Sampling 

One  must  realize  that  with  any  vapor  source,  two 
difficulties  can  exist.  First,  the  total  flow  area  of  the 
vapor  source  cannot  be  left  open,  i.e.,  it  must  be 


totally  directed  into  the  inlet  of  a  measuring 
instrument.  The  problem  with  not  directing  the  totid 
flow  into  a  measuring  device  inlet  is  primarily  that 
the  RDX  will  deposit  on  the  outside  of  the  measuring 
instmment.  At  a  later  time,  this  RDX  can  desorb 
and  perhaps  produce  erroneous  readingfs)  in  the 
instrument,  thereby  providing  false  results. 

The  temperature  of  the  vapor  source  must  be 
considered  the  temperature  of  any  instrunoent 
evaluation  with  that  source.  Thus,  the  distance 
between  a  vapor  generator  and  the  detection  system 
must  be  held  at  the  same  or  higher  tenqierature  as  the 
vapor  source. 

4.  SUMMARY 

In  summary,  two  types  of  vapor  sources  were 
discussed  in  this  paper.  One  is  a  tubular  coil  filled 
with  RDX-coated  microspheres.  It  should  provide  an 
outputof  RDX  saturated  vapor.  A  second  is  a  screen 
coated  with  RDX.  This  type  would  provide  a 
constant  RDX  vapor  source,  but  probably  not  a 
known  RDX  vapor  concentration.  Both  stringent 
calculations  and  analytical  experimentation  would  be 
required  to  define  the  amount  of  RDX  vapor  in  the 
flow  from  any  explosive  vapor  source. 

It  should  be  understood  that  whenever  a  pure 
explosive  compound  is  not  used,  the  vapor  pressure 
observed  may  not  be  the  true  vapor  pressure  of  the 
pure  explosive  compound.  Rather,  the  emission  rate, 
and  therefore  the  available  explosive  vapor,  would  be 
that  of  the  mixture  containing  the  pure  explosive.  It 
could  be  dictated  by  the  solubility  of  the  explosive 
material  in  any  'solvent*  present. 
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FIGURE  1 .  VAPOR  EMISSION  RATES  OF  TNT  AND  RDX 
FROM  PURE  TNT  OR  RDX  SURFACES  AS  A  FUNCTION 
OF  NITROGEN  FLOW  VELOCITY  ACROSS  SURFACES. 
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FIGURE  2.  CALCULATED  RDX  VAPOR  EMISSION  RATES  FROM 
PURE  RDX  AT  VARIOUS  TEMPERATURES  AS  A  FUNCTION  OF 
THE  VELOCITY  OF  NITROGEN  FLOWING  ACROSS  RDX  SURFACE. 
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FIGURE  3.  COMPARISON  BETWEEN  EXPERIMENTAL 
AND  CALCULATED  RDX  EMISSION  RATE  FROM  PURE 
RDX  CONTAINED  ON  1-MM  BEADS  IN  METAL  TUBE. 
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FIGURE  4,  RDX  VAPOR  CONCENTRATION  from  l/B-in  O.D. 
10-FTTUBE(.  125-in)  FILLED  WITH  PURE  RDX-COATED  BEADS: 
COMPARISON  BETWEEN  EXPERIMENTAL  AND  CALCULATED  RESULTS. 
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FIGURE  5.  COMPARISON  OF  RDX  EQUILIBRIUM  VAPOR 
PRESSURE  WITH  RDX  VAPOR  EMISSION  FROM  VARIOUS 
PURE  RDX  SOURCES  AS  A  FUNCTION  OF  TEMPERATURE. 
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FIGURE  6.  COMPARISON  OF  RDX  EVAPORATION  RATE  FROM 
PURE  RDX  PARTICLE  RELATIVE  TO  RDX  PARTICLE  IN  C-4. 
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1.  INTRODUCTION 


2.  THERMODYNAMIC  MODEL 


One  of  the  central  requirements  in  the  design  of  a 
chemical  detection  system  is  the  understanding  of  the 
physical  and  chemical  properties  of  the  targeted 
conqx)unds.  In  viqmr  detection  systems  for  explosive 
compounds,  the  ^tor  which  ultimately  limits  the 
sensitivity  is  the  amount  of  viqwr  available  to  the 
detector.  Although  this  fiictor  is  a  fimction  of  many 
variables  including  the  efficiencies  for  vapor 
collection,  tranqwrt,  trapping  and  detection,  it 
depends  largely  on  the  equilibrium  vapor  pressures  of 
the  compounds  of  interest.  Of  all  the  explosive 
compounds  considered  to  pose  a  significant  threat, 
RDX-based  explosives  exhibit  the  lowest  vapor 
pressures. 

The  vapor  pressure  of  RDX  has  been  reported  to  be 
4.6  X  10*  mmHg  (Dione,  Edwards,  Rosen].  11118 
corresponds  to  a  saturated  viqrar  concentration  of  6 
ppt  at  room  tenq)6rature,  It  is  often  the  case  that 
researchers  gauge  the  sensitivity  of  their  instruments 
in  the  laboratory  with  pure  RDX  in  its  native 
crystalline  form.  From  the  point  of  view  of  setting 
'benchmark  standards'  in  the  laboratory,  this 
approach  is  highly  recommended.  However,  it  does 
not  give  a  good  indication  of  the  systems  ability  to 
measure  vapor  from  C-4  which  is  a  solid  solution  of 
several  organic  compounds. 

In  this  work,  we  rqwit  on  the  differences  in  the 
vapor  pressure  betw^  pure  RDX  and  C-4.  The 
arguments  presented  are  based  on  a  series  of 
experiments  in  the  laboratory  in  which  the  signal 
response  versus  temperature  of  C-4  was  measured 
and  compared  to  pure  RDX.  Using  the  known 
literature  values  for  the  pure  compound  and  a 
thermodynamic  model  ba^  on  the  Clausius- 
Clapeyron  equation,  the  vapor  pressure  of  military 
gra^  C-4  has  been  determined.  From  these  data,  an 
estimate  of  the  maximum  amount  of  vapor  available 
from  C-4  can  been  made. 


The  Clausius-Cliqjeyron  equation  provides  a 
relationship  between  die  tenqierature  and  pressure  in 
a  two-phase  system  at  equilibrium  (one  phase  being 
gaseous  and  the  other  condensed). 

The  relationship  is  cast  as; 

dT~  TV 


where  delta  H  is  the  enthalpy  of  the  system,  T  is  the 
absolute  temperature  and  V  is  the  molar  volume  of 
the  gas.  If  one  can  assume  that  the  molecules  in  the 
gas  behave  ideally,  then  substituting  for  V  from  the 
ideal  gas  law  yields 


dP  PLH 

Separating  the  variables  and  integrating  gives  rise  to 
a  particularly  convenient  and  useful  form  of  the 
equation 


log? 


AH 

2,303Rt 


*  const. 


Using  this  form  of  the  equation,  and  the  empirical 
value  for  the  enthalpy,  the  change  in  vapor  pressure 
at  any  given  temperature  can  be  directly  calculated. 
For  RDX,  the  equation  reduces  to 


log? 


6473 
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3.  EXPERIMENTAL  DESIGN  AND  METHODS 
3.1  System  Description 

The  detection  system  used  in  this  study  was  designed 
in  partial  iiilfillment  of  an  FAA  contract  for  the 
development  of  a  walk  through  vapor  portal.  The 
new  detection  system  operates  by  transporting, 
trapping,  separating,  desorbing  and  detectmg 
explosive  vapors  from  atmospheres  containing  an 
abundance  of  pollutants.  The  design  relies  on  a 
rotary  trap  and  separator  which  provides  a  means  of 
desorbing  explosive  vapor  into  an  electron  capture 
detector  [Jenkins]. 

The  design  consists  of  a  trap  manufactured  from  a 
very  thin  stainless  steel  disc  coated  with  a 
chromatographic  liquid  phase.  The  trap  is  supported 
by  a  structural  element  made  from  a  uon-porous 
machinable  ceramic.  The  support  element  also  serves 
to  defme  the  active  surface  area  on  the  trap  as  well  as 
the  detection  volume  through  the  use  of  concentric 
seals  between  the  trap  and  the  support.  Finally,  the 
trap  is  temperature  programmed  to  provide  the 
desired  trapping  and  desorption  effects  along  the  path 
of  rotation. 

In  operation,  air  from  the  atmosphere  is  drawn  into 
the  system  along  a  heated  transfer  line  and  is  made  to 
impinge  on  the  trap  surface  at  the  sampling  point. 
The  sampled  air  is  then  drawn  around  the  surface  of 
the  trap  to  the  vacuum  port  which  creates  a  pressure 
differential  to  provide  an  appropriate  air  flow. 

The  trap  rotates  from  the  sample  inlet  point  through 
a  region  where  all  unwanted  contaminants  are 
separated  from  the  system  by  the  chromatographic 
effect  of  the  warm  carrier  gas  stream.  From  there, 
the  remaining  filtered  explosive  fraction  of  the  sample 
passes  into  the  desorption  zone  where  the  explosive 
vapors  are  stripped  horn  the  trap  and  swept  into  an 
electron  capture  detector.  Finally,  the  traps  rotates 
back  around  to  the  sample  inlet  position  to  repeat  the 
cycle. 

In  the  design  of  such  a  system  there  are  many  trade¬ 
offs  which  must  be  made  in  order  to  achieve  the  best 
compromise  between  sensitivity  and  selectivity  for  the 
system.  For  example,  ideally  the  trap  should  be  at 
the  lowest  temperature  possible  in  order  to  provide 
high  trapping  efficiency;  but  at  low  temperatures 
many  interfering  pollutants  will  also  be  trapped  and 
not  removed  by  the  separator.  Similarly,  at  high  trap 
temperatures,  RDX  may  be  trapped  ef^Ticiently,  but 


ethylene  glycol  di-nitrate  (EGDN)  v^wr  may  be 
swept  from  the  system  by  the  separator  and  never  be 
detected.  The  design  of  the  system  used  in  these 
studies,  was  based  on  the  detailed  understanding  of 
these  effects  and  resulted  in  a  robust  system  vriiich 
approached  the  theoretical  limits  of  sensitivi^  for  an 
electron  capture  system. 

3.2  Sampling  Technique 

The  experiments  in  this  study  were  carried  out  by 
introducing  quantitative  amounts  of  pure  RDX  and  C- 
4  vapor  into  the  system  by  means  of  a  vapor  syringe. 
From  previous  work  in  the  laboratory,  we  have 
shown  that  viqK>r  samples  from  pure  explosives  can 
be  introduced  into  a  detection  system  from  an  all 
glass  syringe.  The  vapor  syringe  is  designed  such 
that  the  entire  length  of  the  syringe  barrel  and  the  tip 
are  maintained  at  a  predetermined  temperature.  The 
temperature  along  the  length  of  the  syringe  can  be 
controlled  and  monitored  with  a  temperature 
controlled  heater  and  a  thermocouple  to  wit^  1*0. 
Samples  of  explosive  material  are  introduced  into  the 
syringe  via  an  inert  mineral  wool  plug  saturated  with 
the  explosive  compound.  Figure  1  shows  a  drawing 
of  the  syringe  used  in  this  study. 

The  syringe  was  baked  out  for  48  hours  at  200^  in 
a  GC  oven  prior  to  assembly  and  tested  for  its  vapor 
purity  before  loading  it  with  explosives.  This  was 
accomplished  by  making  a  series  of  blank  air 
injections  at  80K!  into  the  detection  system.  Figure  2 
shows  that  no  measurable  response  was  obtained. 
Once  the  syringe  was  determined  to  be  free  iiom 
contamination,  explosives  were  loaded  and  a  series  of 
injections  were  m^e  to  determine  the  linearity  of  the 
detector  response  with  the  volume  of  iqjected  sample. 
The  linearity  of  the  detection  system  itself  was 
greatly  improved  by  operating  the  electron  capture 
detector  in  the  constant  current  mode.  This 
experiment  was  performed  in  order  to  make  sure  that 
the  explosive  vapors  are  transported  throughout  the 
volume  of  the  syringe  without  loss  due  to  adsorption. 
The  experiment  was  carried  out  using  pure  RDX 
heated  to  S0"C.  Figure  3  shows  that  the  signal 
response  versus  volume  of  injection  is  quite  linear. 
A  value  for  the  linear  correlation  coefficient,  R,  was 
determined  to  be  0.98  and  the  best  fit  line  is  also 
shown  in  the  figure.  Note  that  the  plot  is  scaled  to 
25T  down  from  S0°C.  This  was  acconoplished  using 
the  Clausius-Clapeyron  equation  described  above. 
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3.3  Experinuaital  nrtJtocol 

C-4  plastic  explosive  was  obtained  from  the 
Massachusetts  State  Fite  Marshals  Office  on  loan  and 
the  pure  RDX  was  puicbased  fipom  Ensign-Bickford 
Chemical  Corporatioa.  These  materials  are  believed 
to  be  of  the  highest  purity.  The  C-4  was  stiil 
contained  in  its  original  wrapping  and  no  volatile 
impurities  wete  detected  by  a  conventional  poitable 
vapor  detector  capable  of  detecting  SxlO'"  v/v  RDX 
in  air. 

The  goal  of  the  experiments  was  to  measure  the 
detector  response  from  quantitative  injections  of  the 
RDX  and  C-4  as  a  iuncti<m  of  sample  temperature. 
Prior  to  performing  these  experimaits,  a  series  of 
injections  were  made  to  generate  an  equilibration  time 
profile  for  each  sample.  These  plots,  shown  in 
Figures  4  and  5,  provided  the  crucial  data  pertaining 
to  the  soak  time  required  to  achieve  saturated  vqKir 
in  the  syringe. 

Once  the  soak  times  were  determined,  1  ml  sample 
injections  of  pure  RDX  and  C-4  vapor  were  made  at 
a  series  of  temperatures  and  the  responses  were 
noted. 


4.  RESULTS 

Figures  6  and  7  show  the  actual  system  response 
versus  tenqterature  for  pure  RDX  and  C-4.  From 
these  data,  the  signal  response  versus  temperature 
profiles  were  constructed  for  each  conq)ound  and 
compared  (Figures  8  and  9).  These  profiles  show 
conclusively  t^t  C-4  does  indeed  have  a  lower  vapor 
pressure  than  pure  RDX.  To  try  to  quantitate  this 
statement,  we  have  attempted  to  calculate  the 
enthalpy  of  sublimation  for  C-4  based  on  these  data. 
The  approach  takoi  involved  performing  a  nonlinear 
least  squares  fit  of  an  exponential  fimction  to  the 
measured  data  [Bevington]. 

First,  an  exponential  function  was  cast  into  a  linear 
form. 


Log  Y  •  AjX  -I-  Log  Ai 

where  Y,  A,,  A}  and  x  relate  the  Clausiuis-Claperyon 
equation  as  follows; 


Log  Y  =  Log  P 
Log  Aj  =  CMStant 

^  2.303-R 


The  purpose  of  the  ler^t  squares  fit  is  to  determine 
the  coefficients  A,  and  Aj  and  relate  them  to  their 
designated  physical  quantities.  The  solutions  are 
obtained  by  minimisng  Y  with  respect  to  the 
coefficients  A,  and  Aj.  This  results  in  a  set  of 
nonhomogeneous  linear  equations  whose  solutions  are 
derived  from  a  secular  determinant.  These  solutions 
consist  of  normalized  differences  of  products  of  sums 
given  by; 

A^  =  ^[(Ey^<Ex*)  -  (Ey^^<Ex^] 


=• 


D  =  (Ex?)  -  (Ex^ 


Once  these  parameters  have  been  determined,  one  can 
predict  the  vapor  pressure  of  C-4  or  pure  RDX  at  any 
temperature.  The  vapor  pressure  versus  temperature 
plots  for  pure  RDX  and  C4  are  shown  in  Figure  10. 
The  only  assumption  invoked  in  the  analysis  was  that 
the  curve  for  pure  RDX  is  defined  by  the  parameters 
known  from  the  literature.  The  physical  meaning  of 
the  parameters  obtained  from  the  least  squares  fit  is 
realized  by  recognizing  that  the  shape  of  the  curves 
is  predicted  by  the  Clausius-Clapeyron  equation  and 
on  a  logarithmic  scale,  the  slope  is  equal  to  the  molar 
enthalpy  of  sublimation.  Therefore,  the  parameters 
A,  and  A2  parameters  from  the  least  squares  fit  for 
pure  RDX  are  tied  to  the  known  literature  values 
determined  empirically.  Then,  by  relation  to  the  fit 
for  pure  RDX,  the  A,  and  A^  parameters  for  C-4  can 
be  determined.  The  values  A,  and  Aj  for  RDX  are 
reported  to  be  22.5  and  -6473  kcal/mole  respectively. 
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whereas  the  values  for  C-4  are  calculated  to  be  1S.S 
and  -4979  kcal/mole.  This  cl^  difference  in  the 
RDX  and  C-4  parameters  translates  into  a  difference 
in  vapor  pressure  at  room  tecqperature  of  two  (Hrders 
of  magnitude. 


5.  DISCUSSION 

The  results  from  the  experiments  performed  and  the 
data  analysis  clearly  show  that  there  is  a  significant 
difference  in  the  equilibrium  vq>or  pressures  of  pure 
RDX  and  C-4.  These  conclusions  were  drawn  by 
fitting  the  enqrirical  data  to  a  known  thermodynamic 
model  for  the  vqx>r  pressure  versus  tenqjerature, 
namely,  the  Clausius-Claperyon  equation.  Although 
this  model  is  known  to  be  acc^table  foi  pure  RDX 
and  any  other  pure  cooqwimd  in  its  standard  state,  it 
is  less  clear  that  the  model  holds  true  for  the 
conqK>sition  C-4.  The  differoice  is  that  C-4  is  realty 
more  like  a  ’solid  solution*  of  RDX  and  a  host  of 
other  polymeric  binders  and  plasticizers  such  as 
polyisobutylore,  di(2-ethyl,  hexyl)sebacate  and 
common  motor  oil.  This  being  the  case,  it  would 
seem  more  appropriate  to  define  a  differmt 
thermodynamic  model  for  C-4.  Such  a  model  would 
be  one  derived  from  Henry’s  Law  which  states  that 
the  equilibrium  vapor  pressure  of  a  solute  in  solution 
is  directly  proportional  to  the  solubility  of  the  vapor, 
or  mole  fraction  in  solution.  This  model  makes  more 
intuitive  sense.  Unfortunately,  the  form  of  the 
equations  derived  from  this  model  to  predict  the 
vapor  pressure  versus  temperature  have  precisely  the 
same  mathematical  form  as  the  Clausius-Clapeyron 
equation.  Therefore,  although  the  proper 
experiments  have  not  been  carried  out  to  resolve  ^s 
ac^emic  question,  it  is  clear  that  the  mathenaatical 
treatments  and  conclusions  carried  out  within  this 
body  of  work  are  valid. 

Studies  such  as  these  have  relevance  beyond 
academic  interest.  Understanding  the  nature  of 
materials  targeted  for  vapor  detection  at  both  the 
physical  and  chemical  level  are  crucial.  This 
fundamental  understanding  helps  to  ensure  that 
detection  systems  developed  and  tested  in  the 
laboratory  work  in  an  operational  environment.  For 
example,  the  conclusions  from  this  study  suggest  that 
a  vapor  detection  system  for  plastic  explosives  will 
require  100-fold  greater  sensitivity  to  detect  C-4  as 
opposed  to  pure  RDX.  This  fact  will  impact  heavily 
on  the  system  design  all  the  way  from  vapor 
collection  and  transport  to  the  choice  of  detector  for 


the  instrument. 
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Figure  1.  A  diagnuomtUic  illusliiUoa  of  (he  vipor  syrioge  used  to  inject  quantitative  volumes  of  plastic  explosive 
vapor  into  a  detection  system. 
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Blank  Response  of  RDX  Syringe 

1ml  in]ection  at  83  deg  C 


Rgure  2.  Shows  the  system  lespoose  to  so  iiyeutioa  of  sir  fitom  a  cleaned  syringe  prior  to  loading  with  explosives. 
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Signal  Response  vs.  Volume 

Pure  RDX 


Figure  3.  The  signal  response  versus  volume  of  injected  RDX  vapor  at  50  °C.  The  purpose  of  the  experiment  was 
to  determine  the  linearity  of  response  of  the  system  and  of  the  syringe.  A  best  fit  line  was  drawn  through  the  points 
from  a  linear  regression  analysis.  The  correlation  coefficient  is  0.  ;>84. 
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Vapor  Cone.  vs.  Time  Profile 

Pure  RDX 


Figure, 4.  ShowsaplotofRDX  vapor  cooceatiitioovenus  time  at  a  fixed  tempenture  of  S8*C.  The  experimeota 
were  carried  out  by  making  a  series  of  1  ml  iiyectioas  following  different  equilibratioa  (soak)  times.  For  pure 
RDX.  equilibrium  is  achieved  at  this  temperature  in  about  6  minutes. 
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Vapor  Cone.  vs.  Time  Profile 

C-4 


Figure  5.  Shows  s  plot  of  C-4  vspor  cooceoUstioo  venm  time  at  a  fixed  tempenturs  of  58  *C.  The  e.tperimeuts 
were  carried  out  as  desciibed  in  Figure  4.  These  data  suggest  that  the  soak  time  for  C4  is  12  minutes. 
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Signal  vs.  Temperature 

RDX 


figure  6.  Shows  the  respoiue  of  the  ITI  tidectioo  system  to  vepor  from  pure  RDX  as  a  (uactioc  of  tampenluie. 
To  (Uustiate  the  lespouse  versus  tempentuie,  three  tiacea  are  shown. 
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Signal  vs.  Temperature 

C-4 


Fi|tu«  7.  Shows  the  reipoase  of  the  m  deteciioa  system  to  vipor  from  C-4  u  a  fuoctioo  of  tempentuie.  To 
illustnie  the  itspoose  venua  tempentuie.  three  tnces  are  shown. 
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SIGNAL  RESPONSE  vs.  1/T 

Pure  RDX 
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Figure  8.  Shows  the  signal  response'Versus  temperature  profile  for  pure  RDX  vapor.  A  series  of  I  ml  uyectiooi 
were  made  into  the  portal  detection  system  at  various  temperatures  and  the  integral  response  was  measured  and 
plotted. 
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SIGNAL  RESPONSE  vs.  1/T 


Figure  9.  Shows  the  signal  lespoose  versus  temperature  profile  for  vapor.  The  tlaia  was  collected  and  plotted 
its  described  in  Figure  8. 
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Figure  10.  3how$  the  noulmetr  least  squares  geaeraied  vapor  pnssure  versua  respoitse  curves  for  pure  RDX  vapor 
arui  C-A  vapor.  These  plots  were  geoeraied  from  the  measured  dskta  and  the  latown  literature  valuis  of  the 
thenoodyuaimc  constants  for  pure  ROX.  The  C-4  curve  was  then  generated  by  relation  to  the  curve  fima  ROX. 
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EXTRACTION,  TRANSPORTATION  AND  PROCESSING  OF 
EXPLOSIVES  VAPOR  IN  DETECTION  SYSTEMS 


A.  Jenkins,  W.  McCann,  K.  Ribeiro 
Ion  Track  Instruments,  Inc. 
Wilmington,  Massachusetts  01887 


1.  INTRODUCTION 

The  perceived  need  for  non-intrusive,  hands  off, 
detection  systems  for  the  detection  of  explosives  on 
people  and  in  baggage  has  heavily  influenced  the 
design  of  such  systems.  Ion  Track  Instruments  has 
for  many  years  designed  and  produced  walk-through 
portal  vapor  detectors  and  hand  held  sniffers  which 
sample  the  air  around  people  and  bags  in  order  to 
detect  the  presence  of  explosives.  Existing  systems 
for  portal  detection  of  explosives  such  as  the  ITI  85 
Entry  Scan  shown  in  Figure  1  employ  air  curtain 
samplers  which  impinge  on  the  body  and  sweep  any 
entrained  vapors  into  the  trap  of  the  detection  system. 
Sampling  flow  rates  in  air  curtains  of  portals  have 
been  variously  employed  by  ITI  and  others  at  25  1/s, 
100  1/s  and  250  I/s.  In  a  typical  test  of  six  seconds 
duration,  air  volumes  of  between  150  and  1,500  liters 
have  to  be  processed  for  one  check.  The  detector 
used  in  such  systems  has  typically  less  than  1  ml  of 
internal  volume.  This  means  that  for  each  test  the 
volume  containing  the  explosive  molecules  must  be 
reduced  by  factors  in  the  range  from  10*  to  10*.  We 
have  shown  that  this  is  impossible  to  achieve  without 
losing  most  of  (he  explosive  molecules  which  may 
have  been  sampled. 

An  alternative  method  is  proposed  which  does  not 
require  high  sample  flow.  This  improves  the  sample 
trapping  and  processing  efficiency  but  means  that  the 
air  must  be  sampled  intimately  to  clothing  or  bags  in 
order  to  extract  the  available  sample  in  as  small  a 
volume  as  possible.  Low  sample  flows  also  pose 
problems  of  irreversible  adsorption  of  low  volatility 
explosives  on  the  walls  of  the  sample  lines.  These 
tubes  are  necessarily  small  bore  in  order  to  keep 
response  times  as  low  as  possible  and  could  pose 
greater  problems  than  exist  in  the  extremely  high 
flows  of  air  curtain  samplers. 

Several  studies  and  experiments  have  been  conducted 
to  examine  the  feasibility  and  efficiency  of  low  flow 
intimate  sampling  systems.  The  principle  can  be 
applied  to  both  portal  and  baggage  detection  systems 
and  design  solutions  for  both  scenarios  have  been 
proposed  and  tested. 


1.1  The  Trapping  Process 

In  order  to  reduce  the  volume  of  the  dilute  sample 
and  hopefully  increase  the  concentration  of  explosive 
vapors,  it  is  necessary  to  trap  out  the  explosive  vapor 
and  desorb  the  vapor  into  a  low  flow  carrier  gas 
stream  before  transmitting  to  a  detector.  The  choice 
of  detector  is  limited  by  the  extreme  sensitivity  and 
selectivity  which  is  required  to  detect  the  sub- 
picogram  amounts  of  explosive  which  may  be 
available  at  the  check  point.  The  only  commercially 
available  detectors  with  sub-picogram  capability  are 
the  electron  capture  detector,  certain  ion  mobility 
detectors  and  a  few  specialized  mass  spectrometers. 
All  these  detectors  optimally  employ  gas  flowrates  at 
or  below  about  1  atmospheric  ml/s.  It  is  also 
necessary  to  remove  much  of  the  interfering 
atmospheric  contaminants  in  order  to  reduce  false 
alarms,  noise  levels  and  suppression  of  real  responses 
in  the  detector.  Selective  trapping  is  therefore  an 
essential  requirement  for  a  successful  system. 

From  a  science  and  engineering  point  of  view,  there 
are  several  critical  factors  which  must  be  understood 
and  controlled  in  order  to  develop  such  a  system. 
First,  the  trap  must  be  very  low  volume  and  selective 
to  explosive  vapors. 

Second,  in  order  to  meet  engineering  and  speed 
requirements  it  must  be  very  low  thermal  inertia. 
Third,  to  accommodate  the  sampling  air  flow  of  an 
air  curtain  for  example,  the  trap  must  have  low 
restriction  to  very  high  flows.  Finally,  in  order  to 
achieve  high  trapping  efficiencie.s  the  trap  should 
have  high  surface  to  volume  ratio  with  rea.sonablc 
residence  time  in  the  trap.  These  are  ail  conflicting 
requirements  on  trap  design  and  it  is  worthwhile  to 
consider  some  theoretical  limiUttions  in  order  to 
achieve  the  optimal  solution. 

Consider  the  case  of  a  tubular  trap  sliown  in  Figure 
2  whose  walls  are  constructed  of  solid  ab.sorber  with 
extremely  high  affinity  for  explo.sive  molecules.  The 
best  trapping  efficiency  possible  would  occur  if  there 
is  a  100%  probability  of  sticking  on  the  wall  when 
explosive  molecules  approach  within  one  molecular 
diameter  of  the  surface. 
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across  a  still  boundary  layer  of  Imm  thick  from  a 
saturated  vapor  over  the  surface  of  pure  TNT 
explosive  have  been  carried  out  by  [Griffy].  The 
results  show  that  the  mean  velocity  of  the  diffusion  is 
3  X  lO"*  ro/s.  Furthermore,  the  diffusion  rate  across 
laminar  flow  lines  is  expected  to  be  similar  for 
similar  concentration  gradients.  This  allows  us  to 
predict  within  an  order  of  magnitude  the  rate  at 
which  explosive  molecules  strike  the  surface  of  the 
trap. 

The  theoretical  maximum  trapping  probability 
becomes  the  statistical  probability  with  which  the 
average  molecule  will  strike  the  wall  of  the  trap. 

Let  the  gas  elution  time  in  the  trap  be  "t”  seconds 
then 


F 

where  F  is  the  sample  flow 

R  is  the  radius  of  the  trap  tube 
1  is  the  length  of  the  trap 

Let  the  mean  drift  velocity  be  V.  Tb^n  the  distance, 
d,  which  the  average  molecule  diffuses  across  the 
laminar  flow  is 


2.  In  this  example,  the  trap  drops  to  about  50% 
efficiency  at  4  ml/s.  It  would  be  preferable  to 
maintain  the  trap  volume  no  more  than  the  free 
volume  of  the  detector  otherwise  time  delays  and 
peak  spreading  will  occur.  For  this  purpose  the  trap 
volume  should  be  mamtained  below  1  ml.  The 
volume  of  a  single  tubular  trap  of  dimensions  quoted 
above  is  approximately  1/3  ml  and  so  three  parallel 
trap  tubes  could  be  used  to  nuke  up  a  single  trap 
assembly.  This  trap  would  have  a  nuximum 
theoretical  efficiency  of  50%  at  a  total  flow  of  12 
milliliters  per  second.  Contrasting  this  with  the  air 
curtain  flow  requirement  of  between  25,000  to 
250,000  ml/second  the  maximum  theoretical  trapping 
efficiency  would  fall  to  between  0.025  and  0.0025%. 

These  efficiencies  are  typical  of  high  flow  trapping 
systems  but  clearly  do  not  represent  an  acceptable 
solution  to  the  trapping  problem  for  plastic  explosives 
vapor  when  so  little  vapor  is  available  in  the  air 
stream.  If  one  picogram  is  sampled  by  this  (high 
flow)  method  then  at  the  most,  only  1/4  femtogram 
would  be  available  at  the  detector.  By  contrast  the 
low  flow  system  would  deliver  500  times  more  vapor 
to  the  detector.This  model  shows  that  a  more  creative 
approach  to  the  trapping  problem  is  required. 
Turbulent  flow  systems  do  improve  the  rate  at  which 
sample  molecules  are  impinged  on  the  surface  of  a 
trap  but  actual  msasuretnents  have  shown  that  less 
than  oue  order  of  improvement  is  achieved. 


The  probabili^'-  if  trapping  p  is  given  by  the 
proportion  of  molecules  that  reach  the  surface  to 
those  which  einain  in  the  tube 

p  a  (3) 

fe 

Ifd  <<  R.  then 


substituting  from  (1)  and  (2)  give 

p .  (5) 

F 

Sub,stiluting  some  realistic  values  from  a  possible 
high  flow  trap  of  low  restriction  say  10  cm  long  by 
2  mm  diameter,  the  maxinuim  theoretical  trapping 


Two  further  improvements  have  been  successfully 
developed.  The  first  is  the  shrinking  trap,  in  which 
the  volume  of  the  trap  at  the  point  of  trapping  is  very 
much  larger  than  the  volume  of  the  trap  at  the  point 
of  desorption.  This  is  achieved  by  a  device  known  as 
the  Rotary  Pre-concentrator.  Volumetric  changes 
from  twenty  to  one  hundred  fold  have  been  achieved. 
The  second  is  the  development  of  the  low  flow 
intimate  sampling  system  which  extracts  the  vapor 
directly  from  the  source  in  clothing  or  bags,  and 
allows  much  lower  flows  to  be  employed. 

1.2  The  Rotary  Pire<oiK»ntnitor* 

The  rotary  pre-concentrator  was  devised  in  response 
to  the  requirement  to  trap  from  high  sampled  air 
flows  and  deliver  desorbed  vapors  of  interest  into  low 
flow,  low  volume  detection  systems.  The  rotary  pre- 
concentrator  system  also  incorporati^  a  continuous 
chromatographic  scrubber  which  removes  all 
unwanted  volatile  contaminants  of  the  aUnesphert  and 
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delivers  only  the  very  low  volatility  and  highly  polar 
nitro  compounds  into  the  detection  system.  This 
reduces  false  alarms  and  interferences  in  the  detection 
system. 

The  system  is  shown  in  Figures  3  &  4  and  a  vi'-w 
showing  the  carrier  and  air  flow  patterns  is  shown  in 
Figure  5.  A  ceramic  plate  carried  two  corcentric 
seals  which  defined  the  sample,  purge  and  carrier  gas 
paths  around  the  trap.  These  two  ’o’  ring  seals 
shown  as  concentric  rings  in  the  figures  seal  against 
the  face  of  the  rotary  disc  trap.  Deeper  channels 
were  provided  in  the  ceramic  around  half  of  the 
backing  plate  for  the  flow  of  sampled  air  and  purge 
air.  In  the  other  half,  carrier  gas  is  dire(;ted  between 
the  surface  of  the  trap  and  the  surface  of  the  ceramic 
in  a  path  whose  depth  is  determined  by  the  height  of 
the  seal  above  the  ceramic  surface.  A  depth  between 
0.25  and  0.50  mm  is  typical. 

Air  is  drawn  into  the  system  down  the  heated  Teflon* 
line  and  is  caused  to  impinge  on  the  trap  surface  at 
the  sampling  point.  The  sampled  air  is  then  drawn 
around  the  surface  of  the  trap  to  the  vacuum  port 
which  was  in  turn  connected  to  a  multi-stage  turbine 
pump  capable  of  pulling  40  mbar  vacuum  and  up  to 
2  cubic  meters/minute  flow  rate.  An  auxiliary  air 
purge  is  added  to  the  apparatus  shortly  before  the 
sample  inlet  in  order  to  cool  the  trap  prior  to  the 
sample  point. 

The  trap  rotates  from  the  sample  inlet  point  through 
the  pre-strip  region  where  all  unwanted  contaminants 
are  separated  from  the  system  by  the 
chromatographic  effect  of  the  warm  carrier  gas 
stream.  The  temperature  of  the  ceramic  backing 
plate  is  maintained  higher  than  the  temperature  of  the 
di.sc  to  ensure  all  explosives  and  contaminants  are 
carried  by  either  the  carrier  gas  or  the  trap  and  do 
not  stick  in  the  .surface  of  the  backing  plate.  In  the 
pre-strip  region  the  gas  flows  in  the  opposite 
direction  to  the  trap  rotation  thus  allowing  the  trap  to 
carry  the  less  volatile  explosives  into  the  desorption 
region  in  the  opposite  direction  to  the  unwanted 
contaminants  which  are  stripped  continuously  from 
the  system. 

The  rotary  trap  carries  the  explo.sive  fraction  of  the 
sample  into  ^e  desorption  zone  where  the  trap 
temperature  is  increased  rapidly  to  the  strip 
temperature  of  16ST.  All  explosives  are  expected  to 
be  (hKiorbed  at  this  temperature  and  are  .swept  into  the 
electron  capture  detector.  A  post  strip  position  was 


designed  for  cleaning  the  trap  before  the  next  cycle 
bi'.r  subsequent  tests  show  that  this  is  not  necessary. 
The  trap  then  rotates  through  the  post  strip  region 
into  the  purge  region  where  a  flow  of  clean  purge  air 
is  arranged  to  impinge  onto  the  trap  and  cool  the  trap 
from  165'<!  back  to  within  a  few  degrees  of  the 
ambient  temperature. 

2.  RESULTS 

2.1  Efficiency  and  Transport  Measurements 

The  efficiency  of  the  transport  and  trapping  system 
was  measured  by  a  method  of  direct  injections  into 
the  inlet  of  the  trapping  system  and  the  inlet  of  the 
detector.  The  apparatus  used  for  this  test  is  shown  in 
Figures  6  and  7. 

In  previous  work,  conducted  in  our  laboratories, 
[Jenkins]  it  was  shown  that  vapor  samples  from  pure 
explosives  can  be  introduced  into  a  detection  system 
from  an  all  glass  syringe  containing  the  pure 
explosive  within  the  barrel  of  the  syringe  as  shown  in 
Figure  6.  Samples  of  pure  TNT  and  pure  RDX  were 
prepared  on  inert  mineral  wool  by  evaporation  from 
solution  in  acetone.  The  responses  to  blank  injections 
from  syringes  containing  the  support  material  alone 
were  first  obtained.  Unfortunately  the  flow  changes 
induced  in  the  carrier  stream  provided  significant 
responses  in  the  detector.  This  was  eliminated  by 
adding  two  syringes  back  to  back  as  shown  in  Figure 
7.  As  the  syringe  containing  the  explosive  was 
depressed  the  connecting  syringe  was  drawn  back  by 
exactly  the  same  amount.  The  syringes  were 
operated  many  times  until  a  steady  reading  was 
obtained.  Blank  results  were  obtained  for  both  the 
mineral  wool  and  the  glass  wool  supports.  The 
syringe  containing  the  explosives  was  then  injected 
into  the  carrier  tine  as  shown  in  Figure  7  and  again 
the  tandem  syringes  were  worked  many  times  to 
remove  all  residual  oxygen  and  atmospheric 
contaminants.  The  temperatures  of  the  .syringe 
needle  and  body  were  recorded.  The  syringes  were 
drawn  back  and  then  depressed  by  0.5ml  each  time  at 
increasing  intervals.  This  would  sliow  whether  a 
saturated  vapor  level  was  achieved. 

The  injection  upparatu.s  was  then  removed  and  the 
rotary  trap  replaced  in  the  apparatus.  The  operating 
conditions  were  set  and  allowed  to  stabilize.  Thu 
.same  syringes  were  used  at  the  same  temperature  to 
ii\ject  metered  amounts  of  explosive  into  the  sample 
inlet.  The  re.spuases  were  recorded  by  a  laboratory 
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data  acquisition  system  and  the  results  are  shown  in 
Figures  8  and  9.  The  response  peak  produced  from 
the  air  injections  is  much  more  diffuse  than  the  direct 
injection  but  the  total  integrated  response  showed  that 
in  an  air  flow  of  SO  ml/s  a  trapping  and  release 
efficiency  of  27  %  was  achieved  for  RDX  vapor. 

These  results  encouraged  us  to  engineer  the  rotary 

trap  system  into  an  intimate  portal  sampling  system 
for  plastic  explosives. 

2.2  Intimate  Sampling 

We  have  taken  great  care  to  design  a  portal  sampling 
system  which  although  samples  from  actual  contact 
with  the  clothing  is  also  nonintrusive  to  the  subject. 
Figure  10  is  an  illustrators  depiction  of  an  intimate 
portal  sampler  in  use  alongside  an  x-ray  and  metal 
detector  at  an  airport  security  check.  The  test  model 
is  shown  in  the  photograph  Figure  11  and  a  drawing 
showing  the  sampling  panels  against  subjects  of 
differing  height  is  shown  in  Figure  12.  The  panels 
are  provided  with  heated  Teflon*  sampling  lines  in 
order  to  intimately  extract  air  from  within  the 
clothing. 

Previous  work  conducted  in  our  laboratory  showed 
that  RDX  vapor  and  all  other  higher  volatility  vapors 
can  be  transported  down  heated  Teflon*  lines  without 
attenuation  at  temperatures  over  70°C.  A  Teflon* 
extrusion  was  designed  which  comprised  a  cylindrical 
bore  with  four  small  holes  in  the  wall  cross  section  in 
which  heater  wires  were  threaded.  Four  fins  were 
extruded  on  the  outside  of  the  Teflon*  tube  to 
provide  thermal  insulation  and  aid  assembly  into  the 
door  cavity  shown  in  Figure  13,  A  thermocouple 
was  assembled  into  the  door  cavity  below  the  heated 
Teflon*  line.  This  was  incorporated  in  a  temperature 
control  circuit  that  maintained  the  heated  Teflon*  line 
at  constant  temperature  within  the  test  range  from  60 
to  90"C. 

A  gr(X)ve  for  the  heated  Teflon*  line  was  milled  in 
each  d(K)r  as  shown  in  Figures  13.  The  wall  of  the 
Teflon*  sampling  tube  was  drilled  to  provide  several 
input  ports  along  the  edge  of  the  door  as  shown  in 
Figure  14.  Preliminary  testing  on  a  two  panel 
system  was  conducted.  Samples  of  pure  plastic 
explosives  obtained  from  the  laboratories  of  Ensign 
Bickford  were  placed  in  a  temperature  controlled  all 
glass  syringe  as  previously  described.  A  range  of 
vapor  volumes  were  iqjccted  into  the  door  panel  in 
the  air  stream.  Responses  for  RDX  and  PETN  were 
obtained  and  recorded  and  arc  shown  in  Figures  15 
and  16. 


2.3  Vapor  Emission  Stimulation  and  Extraction 

The  level  of  vapor  emissions  was  increased  by  the 
iqjplication  of  infra-red  irradiation  of  the  subjects 
clothing  and  by  direct  warming  by  the  door  panels. 
Further  mechanical  stimulation  is  achieved  by  the 
action  of  the  door  panels  on  the  subjects  clothing  as 
seen  in  Figure  11.  These  methods  of  stimulation 
increase  the  amount  of  available  vapor  from  hidden 
plastics  explosives.  The  results  unfortunately  cannot 
be  published  here  but  the  system  was  shown  to 
exhibit  a  potent  level  of  detection  to  plastics 
explosives  containing  PETN  or  RDX. 

The  instrument  cycle  allowed  for  two  seconds  of 
heating  before  directing  the  subject  to  walk  through 
the  door.  Any  vapor  sampled  was  carried  into  the 
detection  system  in  less  than  one  second  and  a  further 
four  seconds  were  taken  to  process  and  detect  the 
sample  in  the  detection  system.  The  total  testing  time 
was  between  six  and  seven  seconds  to  provide  a 
result. 

3.  CONCLUSION 

We  have  shown  that  intimate  sampling  at  low  sample 
flows  provide  far  more  sample  delivery  efficiency 
than  high  flow  air  curtain  samplers.  The  problems  of 
sample  absorption  at  low  flow  were  overcome  by 
employing  heated  Teflon*  lines  at  or  above  70°C. 
An  efficient  rotary  trap  was  designed  which  can 
acconunodate  the  high  temperature  sample  gas  stream 
and  trap  RDX  vapor  with  27%  efficiency.  An 
intimate  sampling  walk  through  portal  detector  was 
designed  and  tested  which  responded  to  sub  picogram 
quantities  of  RDX  vapor  in  six  seconds. 
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MAXIMUM  PROBABILITY 


MAXIMUM  TRAPPING  PROBABILITY  vs.  FLOW 

For  a  non-partitioning  trap 
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Figure  2  Theoretical  tr^piag  probability  in  a  tubular  trap. 
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Figure  3  Top  view  of  the  rotary  trap  showing  the  beaters. 
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ELECTRON  CAPTURE  DETECTOR 


Figure  5  View  of  (he  rotaiy  (tap  showing  (he  carrier  and  air  flow  pa((cms. 


Figure  6  All  glass  syhugc  with  detail  of  the  beater  and  inert  earner  material. 
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Figure  9  Response  to  injection  of  RDX  vapor  into  the  air  inlet  showing  response  of  4  ml  of  pure  RDX  vapor 
injected  onto  the  trap  at  a  syringe  temperature  of  47*  C. 


irs  dqiiction  of  «n  inrimato  portal  sampler  in  use  alongside  an  x-ray  and  metal  detector 


Figure  11  Test  Model  of  Portal  Explosive  Detector 
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Figure  12  View  showiog  the  sMx^ling  panels  against  subjects  of  differing  heights. 
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DOOR  PANEL 


TEFLON 

EXTRUSION 


DOOR  SECTION  SHOWING  INLET  LINE 


Figure  13  View  sbowug  door  section  with  detail  of  the  inlet  Ibe 


INLET  PORTS 


1 


DOOR  PANEL 


Figure  14  View  showiiig  input  ports  aloog  the  edge  of  the  door. 


Signal  Response 


Signal  Response  vs.  Volume 

Pure  RDX 


Figure  IS  Signal  response  versus  volume  of  iiyectioo  of  pure  RDX  al  25  *€. 
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Signal  Response  vs.  Volume 

Pure  PETN 


Figure  16  Signil  rcspoose  vcrsui  volume  of  injection  of  pure  PETN  at  25  •€. 
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VAPOR  SAMPLING  USING  CONTROLLED  HEATING 
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1.  INTRODUCTION 

In  the  typical  use  of  a  vapor  explosive  detection 
system,  explosive  devices  hidden  by  a  terrorist  in  a 
package,  suitcase  on  a  person  etc,  are  being  searched 
for.  While  the  practical  sensitivity  required  to  alarm 
on  99"  %  of  the  potential  devices  is  not  known,  it  is 
recognized  that  the  more  sensitive  the  system  is  the 
higher  is  the  probability  of  detection.  For  most 
vapor  explosive  detection  systems  there  are  at  least 
two  major  sections,  the  sampling  section  and  the 
analysis  section.  The  analysis  section  itself  can  often 
further  be  broken  down  into  major  sub-components. 
In  order  to  increase  the  total  .sensitivity,  one  could 
increase  the  sensitivity  of  one  or  all  of  the 
components.  In  this  paper  we  will  focus  on 
increasing  the  .sensitivity  of  the  sampling  device.  The 
important  issue  of  increasing  the  sensitivity  of  the 
analy.sis  device,  or  the  equally  important  issue  of 
selectivity,  will  not  be  addressed. 

Figure  1  summarizes  the  vapor  pressure  data  of 
Dionne  <■/  <tl'  for  .some  of  the  important  explosives  of 
interest.  As  seen  from  this  figure  an  increa.se  of 
temperature  by  IOC  will  typically  increase  the  vapor 
preshsure  by  a  factor  of  5  -  10.  Clearly,  increa.sing 
the  temperature  of  the  device  being  .sampled  will 
incre!i,se  the  vapor  pre.ssure,  and  thus  increa.se  the 
probability  of  the  .sampling  device  capturing  the 
vajxirs  for  later  analysis.  While  it  may  not  Iw 
practical  to  increase  the  temperature  of  the  complete 
device  being  sampled  in  a  short  period  of  time  (of  the 
order  ol  .sccund.s.)  it  is  possible  to  heat  .sections  of  the 
surface  quickly.  In  designing  such  a  device  the 
following  criterion  were  considered: 

A)  Heating  the  surface  quickly  to  the  desired 
temperature. 

B)  Not  burning  the  .surface  while  trying  to  achieve 

the  desired  temperature. 

Cl  Integrating  a  reliable  temperature  measuring 
device  if  required. 


D)  Low  power  consumption  so  as  to  operate  with 
batteries. 

E)  Safe  to  operate. 

F)  Be  relatively  lightweight  and  portable. 

It  was  based  upon  these  considerations  that  the 
sampler  of  Figure  2  was  designed.  This  device 
consists  of  an  infra-red  heat  source  (a  projection 
tamp),  a  temperature  measuring  device  (infra-red 
pyrometer),  the  concentrator  (described  in  a 
accompanying  paper  by  L.  Carroll  et  ap).  a  vacuum 
blower  .system  to  suck  the  vapors  across  the 
collection  device,  rechargeable  and  replaceable 
batteries,  and  the  internal  micro-computer  .system  and 
electronics  to  operate  the  device. 

2.  HEATING 

Many  methods  of  healing  of  the  surface  were 
considered.  Some  were  eliminated  as  not  practical, 
fur  example  ultra-sonic  he’ating;  or  not  acceptable 
from  a  safety  point  of  view,  for  exurnplo  lasers  or 
microwave, s.  Two  methods  were  evaluated,  hot  air 
and  infra-red  energy  from  a  projection  lump. 

One  technique  that  wa.s  evaluated  and  eliminated  wa.s 
that  of  using  heated  air.  TTie  air  would  be  heated  by 
blowing  ambient  air  over  a  resistivcly  heated  element. 
Since  this  is  a  buttery  operated  unit,  the  heating 
element  would  be  off,  until  required.  It  would 
typically  lake  a  lew  seconds  for  the  resistivcly  healed 
element  to  achieve  the  desired  temperature, 
Addittonally,  unless  the  .source  temperalmc  was 
signiliciintly  lugtier  than  the  target  lemperiiture,  it 
wmild  lake  a  long  lime  for  the  surface  to  come  to  the 
target  temperature  since  the  healing  rale  is  a  function 
of  temperature  difference.  Finally,  tlie  hot  air  would 
Ixj  sucked  into  the  sampling  collector  aiea.  increasing 
the  tem[>erdture  of  the  collator,  and  thus  darcasmg 
its  collation  efficiency.  It  was  ahso  found  that  the 


infra-red  beating  described  below  was  more  power 
efficient  and  fastei. 

Tlic  second  heating  method  cvaliiated,  and  iinally 
chosen  was  a  modified  24V  250  Watt  quartz  halogen 
projection  lamp.  In  order  to  increa.se  lamp  life,  and 
to  increase  battery  life,  the  lamp  is  operated  at  21  or 
less  volts,  and  thus  does  not  operate  in  the  halogen 
cycle  mode.  With  this  lamp  typical  times  to  achieve 
the  target  temperature  of  about  80C  ranges  from  a 
fraction  of  a  second  for  plastic  and  paper,  to  about  4 
seconds  for  painted  metal.  Highly  polished  metal,  as 
for  example  polished  chrome,  reflect  most  of  the 
infra-red,  and  thus  hardly  increase  in  temperature. 

3.  TEMPERATURE  CONTROL 

The  projection  lamp  chosen  is  effective  in  heating  the 
surface  area  of  about  10  centimeters  square  of  most 
materials.  In  fact,  if  there  is  no  control,  for  many 
materials  the  temperatures  rise  could  be  high  enough 
to  damage,  and  even  cause  the  material  to  bum.  In 
order  to  avoid  any  damage,  the  surface  temperature 
is  measured,  and  the  power  to  the  lamp  is  controlled 
so  that  once  the  set  point  temperature  is  achieved,  the 
temperature  is  held  constant  at  the  set  point.  Tttis  is 
achieved  by  measuring  the  temperature  remotely 
using  an  infra-red  pyrometer  specifically  configured 
for  this  application.  Since  the  omissivity  cannot  be 
calibrated  for  each  material,  a  wavelength  was  chosen 
for  which  the  emis.sivity  of  most  materials  is  similar. 
Table  1  sumnwrizes  the  emissiviiies  of  a  .sample  of 
different  materials’.  Looking  at  table  1 ,  one  sees  that 
aiisuming  an  etm.vsivtty  of  .92  for  most  materials 
using  a  pyrometer  setusitive  in  the  10  micrometer 
range,  will  lead  to  a  proper  measurement.  It  is  only 
for  highly  polished  metals  that  the  error  will  be 
significant.  Further,  the  enor  will  be  in  the  safe 
region  with  respect  to  overheating  of  any  of  the 
surfaces. 

The  control  liKip  between  (he  lamp  and  the  pyrotuoier 
is  microproce.s.sor  controlled.  In  actual  use,  the 
lamp  is  initially  turned  on  at  low  power  and  the 
temperature  ri.se  a.s  a  function  of  time  is  measured  for 
a  few  tenths  of  a  .second.  Based  upon  thi.s 
teinperulurc  ri.se,  the  algorithm  of  the  processor  con 
determine  if  the  surface  ireing  healing  is  one  that 
heats  up  fast  or  .slow.  If  it  is  a  fast  heating  .surface, 
the  pr(K'c.s.sor  continues  power  to  the  tamp  at  a 
reduced  voltage,  .so  that  the  heating  priKess  is 
performed  at  a  rate  that  the  liKip  can  control.  If  (he 
surface  is  heating  slov/ly,  the  algurilliro  will 


command  the  lamp  to  go  on  to  full  power  and  will 
turn  the  power  off  when  the  set  point  temperature  is 
reached.  Once  the  set  point  temperature  is  reached, 
the  lamp  goes  it’.*o  ciailro!  and  the  voltage  is  reduced 
to  the  point  that  the  set  point  temperature  is 
maintained.  For  safety  reasons,  there  is  also  a  "time 
out"  that  will  shut  the  lamp  off  after  10  seconds 
under  all  conditions.  The  reason  that  the  power  starts 
off  reduced,  is  that  it  has  been  found  that  for  certain 
materials,  such  as  dark  vinyl,  st  ftill  power  the  end 
point  temperature  is  reached  so  quickly  that  the 
controller  does  not  have  time  to  respond  before  the 
temperature  overshoots  and  damage  may  occur. 
Further  since  it  is  fast  heating  surfaces  that  are 
typically  more  delicate,  the  algorithm  can  change  the 
set  point  within  a  range  of  temperatures  based  upon 
the  heating  rate. 

It  should  be  pointed  out  that  while  the  pyrometer  and 
the  software  algorithm  together  form  a  sophisticated 
system  that  is  seldom  fooled,  it  is  possible  for  it  to 
occasionally  over  heat  surfaces.  For  this  reason  the 
use  of  the  heating  lamp  on  people  is  not 
recommended.  Also  when  using  the  device  (>n 
delicate  and  expensive  materials,  it  is  recommended 
that  a  test  sample  be  taken.  It  should  further  he 
noted  that  the  pyrometer  is  measuring  the  average 
temperature  of  its  field  of  view.  The  field  of  view  is 
smaller  than  the  beating  area  of  the  system.  Thus  the 
average  tenqrertlure  may  be  below  the  set  point,  and 
thus  the  system  continues  heating,  while  actually 
some  area.H  may  be  cold,  while  others  are  being  over 
heated.  Two  extreme  examples  of  this  would  be  a 
checker  board  pttem,  with  sections  alternatively 
white  tind  block.  Ihc  block  surface  will  heat  up 
much  foster.  Since  for  most  surfaces  (he  emissivity 
is  independent  of  (he  perceived  color  in  (he  visible, 
the  pyrometer  will  read  the  temperature  of  each 
section  properly,  but  if  an  average  is  being  reported, 
(he  black  portion  will  be  overheated  while  the  white 
portion  may  still  be  quite  cold.  A  s^'ond  example 
would  be  a  surface  such  os  a  carpet.  In  this  cose  the 
fibers  .Slicking  out  may  be  singed,  while  the  main 
portion  of  the  carpet  remains  quit;3  cold.  Experience 
has  shown  that  it  is  straight  forward  to  train  (he  u.scr 
to  U.SC  (he  sampler  so  as  not  to  damage  virtually  all 
samples  that  will  be  checked. 

4.  PERFORMANCE 

Figure  3  sh(>w.s  the  heating  rate  of  ditferenl  surfaces 
as  a  function  of  time  for  (he  .sampler  with  the 
projection  lam|>.  In  ruming  these  ox|>critnents,  (he 
lump  waus  operated  without  control  from  the 
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I’li  I'.x  ('ini'ulcr.  ’.vliile  tht-  ciitpi'*  of  the  pyrometer 
Uiv'  -iseJ  Id  measure  the  surlave  leinpcralure.  Prioi 
to  these  experiinenis,  the  materials  were  put  on  a  hot 
plate  heated  to  the  different  temperatures  with  the 
temperature  being  measured  by  both  a  small 
thermocouple  and  by  the  infra-red  pyrometer  to 
calibrate  the  different  responses.  The  agreement  in 
worse  case  was  -I-/-  10 -C.  The  power  used  for  the 
vinyl  sheet  was  about  100  watts,  while  the  power 
u.sed  in  heating  the  black  painted  stainle.ss  steel  sheet 
was  about  200  watts.  Even  with  the  reduced  power 
for  heating  of  the  vinyl  sheet,  the  sheet  was  heated 
from  ambient  to  about  lOOoC  tn  about  one  second. 
In  the  same  one  second  period  the  stainle.s.s  steel  .sheet 
was  heated  from  ambient  (25oC)  to  about  SO^'C,  a 
.significant  increase,  and  an  increase  that  would 
significantly  increase  the  probability  of  detection. 

Tests  with  explosives  were  performed  with  absorbent 
paper  impregnated  with  explosives  dis.solved  in 
solvents,  the  .solvent  was  allowed  to  evaporate,  and 
the  paper  was  sampled  with  the  .sampler.  While  the 
exact  detailed  respon.se  to  the  explosives  is  cla.s.sificd 
it  can  be  stated  that  when  the  paper  was  .sampled  at 
ambient  temperatures  sviihout  heating,  the  re,sp<»n,se  of 
the  imjl  was  to  detect  at  about  the  alarm  level.  When 
the  sample  was  heated  there  was  an  increa.se  of  signal 
of  a  few  orders  of  nugnitude.  Tliese  test  were  ahso 
repeated  with  similar  results  using  a  stumlcs.s  simI 
plate  and  placing  a  known  .solution  of  oxfilosis'cs  on 
the  plate,  allowing  tite  solvent  to  evaporate,  and  then 
sampling  the  plate. 

A  mode  of  opcratHHi  that  ha,s  liecn  found  to  Ih; 
effective  is  to  ofieratc  the  .sampler  in  a  ’panning* 
ntode.  In  ihi.s  iiutde,  the  .sampler  i.s  held  up  on  the 
surface  being  sampled  and  .slowly  moved  acru.s.s  the 
surface  at  .siich  a  rate  that  the  lamp  can  maintain  the 
.set  point  temperature  of  the  surface.  11)c  fact  that 
(he  lamp  can  maintain  the  temperature  i.s  indicated  by 
the  lamp  flickering  off  and  on.  If  the  lamp  is  full  on, 
the  user  is  moving  t«Ki  fast,  if  the  flicker  rate  is  slow, 
the  u.scr  is  iimving  loo  slowly.  It  has  Iwcu  found  that 
the  typical  user  g«*i  the  fed  lor  the  projrcr  panning 
speed  quickly. 

In  addilmn  to  sampling  difccily  wnh  ilu-  sampler 
dcscrilvd.  il  has  also  proven  to  I'e  elleciive  to  sample 
Using  diMereril  types  of  wqses  When  wipes  are  used, 
(he  wi|H-s.  lyj'iciilly  pa|H’r  or  ,Ioih.  are  used  to  wipe 
the  siirluie  Iving  checked.  Ilie  explosives  are  then 
traiisterred  ifom  the  wipes  the  pre  coneenlratof  ol  ihe 
samplcr  by  using  the  controlled  heating  system  of  the 
sampler,  iii.  re.ising  the  prolrahility  of  detection. 


5.  CONCLll.SION.S 

Il  has  been  shown  that  b)  u  .inc  .i  infra  rril  source 
for  heating  and  an  infru-icd  pvioinctcr  it  i.s  po.ssiMc. 
to  design  and  build  a  system  to  heat  liitferenl  surtax,  s 
in  a  controlled  and  non-destructive  manner.  Thi.s 
.sampling  system  can  be  used  to  elfeetively  rai.se  the 
surface  temperature  of  the  sample  being  checked  for 
explosives  to  increa.se  the  probability  of  detection. 
This  satr.pier  ha.s  been  designed  to  enable  successful 
u.sc  by  guards  at  the  different  security  check  positions 
with  u  minimum  of  training. 
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Figure  I  •  V«por  pressure  of  capIosivcs  versus  tciaperaturo  The  data  presented  here  is  hajsed  upon  Uw 
data  of  Dionno  et  aj*. 
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Figure  3  -  Heating  rate  as  a  function  of  time  using  the  projection  lamp  for  heating. 
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1.  INTRODUCTION 

Many  explosive  detection  applications  require  the 
collection  of  e.tplosive  vapors,  or  fine  particulates 
from  air  samples.  In  applications  such  as  detecting 
explosives  from  airline  passengers  or  their  luggage, 
the  air  volume  that  has  to  be  sampled  is  quite  large 
because  of  the  size  of  the  item  sampled,  or  in  the 
case  of  passengers  because  it  is  not  possible  to 
confine  them  in  a  small  sampling  space.  In  these 
applications,  the  task  is  to  extract  the  explosives 
present  from  a  large  air  sample.  This  can  be  done 
either  by  sampling  a  portion  of  the  total  air  sample, 
hoping  that  the  whole  sample  is  well  mixed  so  that 
the  explosives  are  present  in  the  extracted  sample,  or 
by  sampling  the  entire  air  volume.  The  disadvantage 
of  the  former  approach  is  obviously  that  the  quantity 
of  explosives  in  the  portion  sampled  is  reduced  by  the 
fraction  of  the  whole  sample  that  is  taken,  a.ssuming 
that  the  entire  sample  is  well  mixed.  The 
disadvantage  of  the  second  approach  is  that  it 
becomes  difficult  to  efficiently  sample  a  large  air 
volume  in  a  practical  time  frame,  typically  five  to  ten 
seconds. 

ThermedeTec’s  approach  for  sampling  a  large 
volume  has  been  to  sample  as  much  of  the  total 
sample  as  possible.  The  reduction  in  effective 
sensitivity  if  only  a  small  portion  is  sampled  is  felt  to 
be  too  large  a  sacrifice  in  sensitivity,  resulting  in  an 
impractica'Iy  high  limit  of  detection.  Thus  the  main 
design  task  has  been  to  develop  a  collection  means 
that  can  handle  large  air  volumes  at  high  flow  rates 
and  achieve  g(X)d  collection  efficiency. 

2.  SAMPLING  METHODOLOGY 

A  .sampling  device  for  laigo  air  volume  sampling  has 
to  accomplish  three  things:  efficiently  collect  the 
explosive  vapors  from  the  air  .stream,  retain  the 


collected  vapors  throughout  the  entire  sampling 
period,  and  efficiently  release  the  vapors  when  the 
sampling  device  is  called  on  to  do  so  to  allow 
analysis  of  the  sample.  For  a  sampling  device  to 
operate  effectively  it  has  to  accomplish  these  three 
operations  as  efficiently  as  possible,  while  ideally 
having  a  small  size,  and  simple  design.  The 
following  discussion  describes  the  approach  that 
ThermedeTec  has  taken  to  accomplish  these 
objectives. 

2.1  Sample  Collection 

The  sample  collection  process  involves  trapping  the 
explosive  vapors  and  fine  particulates  present  in.  the 
air  being  sampled  for  later  release  into  a  detection 
system.  The  design  goal  of  the  collection  process  is 
to  trap  as  much  of  the  vapor  present  in  a  large  air 
volume  as  possible.  Many  trapping  systems  have  been 
employed,  including  volume  traps  such  as  charcoal 
beds,  and  surface  traps  such  as  membrane  filters,  and 
.solid  surfaces.  The  volume  traps  are  efficient,  but 
difficult  to  desorb  quickly.  Many  types  of  surfaces 
can  be  used  for  a  surface  filter,  a  typical  one  is  a 
porous  membrane  or  filter  through  which  all  of  the 
air  being  sampled  is  drawn.  Membrane  filters  are 
very  efficient  collectors,  but  have  the  problem  that 
the  pore  size  required  for  efficient  collection  results 
in  a  high  pressure  drop  to  obtain  the  Hows  required. 
This  means  a  large  sampling  pump.  Also  a  membrane 
is  a  difficult  media  to  relea.se  the  (ollected  vapors 
from  quickly,  a  problem  similar  to  the  volume  trap. 
Heat  is  usually  needed  to  adease  the  collected  vapor. 
It  is  difficult  to  quickly  heat  a  membrane;  as  a  result, 
the  analysis  time  for  this  collection  approach  is 
.slowed  by  the  time  required  for  heating.  For  the.se 
rea.sons,  we  have  concentrated  on  a  surface  collector 
design,  utilizing  a  metal  surface  that  can  be  quickly 
heated  for  fust  relea.se  of  the  .sampled  explosives, 
designed  to  have  a  high  collection  efficiency. 
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A  solid  surface  collector  operates  by  passing  the 
sampled  air  across  the  surface,  rather  than  through  it. 
To  collect  the  explosive  vapors  the  air  stream  has  to 
be  in  intimate  contact  with  the  surface  for  .-sufficient 
time  that  the  explosive  molecules  can  be  transported 
to  the  surface  where  they  are  retained.  The 
mechanisms  involved  in  this  process  are  almost 
identical  to  those  in  the  equivalent  heat  transfer 
process.  Therefore,  the  approach  has  been  to  view 
the  collection  process  as  being  a  heat  transfer/mass 
transfer  problem.  Typically  in  heat  exchanger  designs 
one  wants  to  transfer  the  maximum  amount  of  heat 
possible  in  the  smallest  possible  volume,  and  do  it 
with  as  low  a  pressure  drop  as  possible.  Because 
there  is  a  direct  correlation  between  heat  transfer  and 
mass  transfer  processes,  (1-6),  the  procedures  used 
for  heat  exchanger  design  can  also  be  used  to  design 
a  system  for  optimum  mass  transfer.  Basically  then 
the  design  task  is  to  design  an  efficient  mass  "heat" 
exchanger. 

For  collecting  explosive  vapors  the  most  appropriate 
heat  exchanger  geometries  are  either  tube  bundles,  or 
parallel  plate  systems.  For  a  variety  of  reasons 
involving  simplicity  of  construction,  and  speed  of  the 
desorption  process,  a  parallel  plate  system  was 
selected.  This  is  shown  schematically  in  Figure  1. 
The  air  to  be  sampled  Hows  through  passages 
between  parallel  plates,  Vapors  and  fine  particulate  in 
the  stream  will  diffuse  to,  or  he  transferred  to  the 
walls  by  turbulent  flow  eddies.  Once  the  vapor 
molecule  reaches  the  .surface  it  will  be  trapped  on  the 
surface.  Because  the  processes  involved  are  identical 
to  heat  transfer  proce.s.ses,  all  of  the  knowledge  of 
heat  exchanger  de,sign  can  be  applied  to  optimize  the 
geometry  for  efficient  vapor  collection.  Tlte  .section 
following  on  the  Analytical  Approach  describes  the 
calculatioas  involved. 

2.2  Sample  Retention 

The  model  just  described  a.ssumes  that  if  a  vapor 
molecule  reaches  the  collection  surface  it  will  be 
trapped,  and  not  reenter  the  air  stream.  Obviou-sly 
for  the  collector  to  work  efficiently  it  has  to  have  the 
proper  trapping  characteristics.  Ide4dl>  the  .surface 
will  retain  the  materials  of  in(erc.st,  but  not  ntalenuls 
that  inlorfcre  with  the  detection  process.  We  have 
developed  surfaces  to  accomplish  this  lunction  using 
proprietary  techniques.  The  result  is  a  treated  metal 
surface  optimized  to  rclain  a  wide  variety  ot 
explw.sive  \a|Hirs. 


2.3  Sample  Release 

The  third  important  element  of  the  design  is  the 
efficient  release  of  the  .samplexl  vapors  into  the 
detection  system.  Since  the  collector  surface  retains 
the  vapors  under  .sampling  conditions,  to  relea.se  them 
requires  an  elevated  temperature.  A  typical  example 
of  this  type  of  collection  and  release  is  an  activated 
charcoal  tube  collector.  Once  a  .sample  is  collected, 
the  tube  is  heated,  and  a  carrier  gas  is  u.sed  to  purge 
the  sample  from  the  .sample  tube.  In  the  case  of  the 
flat  plate  cedector.  if  it  is  constructed  with  meta! 
plates  then  thes  '  can  be  electrically  heated  to  heat 
the  surface  which  releases  the  sampled  s  apors. 

3.  DESIGN  APPROACH 

The  previous  discussion  has  described  the  design 
approach  ThermedeTec  has  taken  to  develop  efficient 
vapor  collectors.  From  heat  transfer  principles  a  flat 
plate  heat  exchanger  produces  the  desired  results.  The 
question  is  how  to  turn  this  basic  design  concept  into 
practical  collectors.  The  approach  that  has  been  taken 
is  shown  in  Figure  2.  The  flat  plates  geometry  is 
achieved  by  spiral  winding  a  ribbon.  This  geometry 
is  very  common  in  heat  exchanger  applications  such 
us  for  flame  arrestors  where  the  energy  in  a 
propagating  flame  front  is  transferred  to  the  arrestor 
str\icture  quenching  the  flame.  The  spiral  design  i.s 
very  convenient  because  a  large  plate  .surface  area 
can  be  achieved  in  a  small  size  with  giKul  rigidity, 
and  since  the  ribbon  is  continuous  it  is  ea.sy  to 
electrically  beat. 

ITie  S|K’citic  design  parameters  for  a  spiral  wound 
collector  will  depend  on  the  volume  of  the  ,sampio  to 
be  taken,  the  efficiency  required  of  the  sampling 
proce.ss,  the  acceptable  pre.ssure  drop  across  the 
collector  while  sampling,  and  the  acceptable  physical 
.size  of  the  device,  llie  next  section  dc.scribc.H  the 
analytical  model  liiat  has  been  used  to  develop  .spiral 
collector  designs,  and  illu.strates  its  use  by  calculating 
the  |ierfonnance  for  a  particular  application. 

4.  HEAT  TRARSreR/MASS  TRANS^-EK 
MODEL 

A  correlation  Ivfween  heal  transfer  thcrmodymimics 
and  mass  transler  fhnmgh  diffusion  has  been 
demonstrated  by  theory  and  empirical  testing  hy 
many  mvesligulor'.  in  the  field.  .Some  of  the  more 
prominent  aulhorilicson  the  suh|cclare  T.lf.  ('hillon 
and  A. I*.  Colburn'.  T.K.  ShcrwiMuJ  and  R.L. 
I’lglord',  W,  Jo.st'  and  others.  Many  lexlhiHiks  on 


this  subject  have  been  published  which  expand  on 
these  principles  such  as:  Heat,  Mass  and  Momentum 
Transfer^,  Mass  Transfer  in  Heterogeneous 
Catalysis^,  and  Transport  Phenomena*. 

This  technology  can  be  applied  to  the  design  of  a 
vapor  collection  device  by  substituting  a  mass  transfer 
factor  (JJ  for  the  heat  transfer  factor  (J^)  and 
utilizing  geometric  and  flow  parameters  from  heat 
transfer  to  predict  collection  performance.  The 
corresponding  fluid  property  in  mass  transfer 
becomes  Schmidt  Number  (N^  as  contra-sted  with 
Prandtl  Number  (N^,)  in  heat  transfer  behavior. 

An  examination  of  the  fundamentals  which  govern 
collector  performance  can  be  made  by  reviewing  the 
early  work  of  Chilton  and  Colburn'  sometimes 
referred  to  as  the  ‘Colburn  Relation",  given  as 
follows: 


P  tW 


Jf,  ,  -  Heat  and  mass  trammer  co^cienis 


H  -  Heal  trantfer  coefficient  BTUfHr-Fp-'‘F 


c;  -  Specific  Hem  (Air)  BWILB  - 


G  -  Flow  Stream  Mass  Velocity  LBIHR  -  FP 


-  Prandtl  numlter  (air)  -~ 


-  Mass  transfer  coefficient  LB  moleslsec-ft^-mole  Jrai 


Gm  -  Flow  stream  mass  velocity  LB  moles/sec  -FP 


N  “  Schmidt  number 


D,  -  Mass  diffiisivity  FpIHR. 


p  -  Viscosity  LBIHR  -  FT 


p  -  Density  -  LBIFV 


ih  -  Mass  Flow  Rase  LBSISEC, 


One  example  of  the  correlation  between  mass  transfer 
and  heat  transfer  from  empirical  testing  is  shown  in 
Figure  2  from  the  works  of  J.M.  Coulson  and  J.P. 
Richardson^  llijs  test  shows  the  results  of 
evaporation  of  various  liquids  from  plane  surfaces 
into  an  air  stream,  llie  te.st  points  are  plotted  as  a 
dimensionless  group  analogous  to  Schmidt  Number 
versus  Reynolds  Number.  The  correlation  to  heat 
transfer  is  shown  by  the  .solidtrace  generated  from  a 
dimonsiooless  group  relating  to  Prandtl  Number  (N^). 

5.  APPLICATION  OF  TECHNIQUE  TO  ONE 
GEOMETRY 

Development  work  on  a  spiral  ribbon  collector 
involved  developing  the  analytical  model  ba.sed  on 
these  principlc.s,  and  lasts  to  subsUntialc  the  empirical 
coefficients  used  to  predict  the  collection  efficiency, 
and  flow  pressure  drop.  The  resulting  correlation 
developed  ha.s  been  uscxl  to  design  a  whole  family  of 
collectors  for  a  variety  of  applicatiom. 

Ibc  following  example  de.scribe.s  the  aiulytical 
process  in  detail  for  a  collector  design  to  handle  a 
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(1.1)44  1H1IR4T. 


11  rv  '-it-  iitersec.  This  partji.-uiai-  ■(•jn 
iiiivT  ;  w  .!  I'lnisidiTiit'lc  ammini  i>l  ii-.liin;  wa.s 
|Kili'.ni;.J  wiili  it  to  scrily  the  n;.)Jel. 

The  i-ollector  design  is  of  the  spiral  eon.struction 
described  above.  It  has  an  annular  body  into  which 
a  thin  metal  ribbon  is  wound.  The  spiral  shape  is 
maintained  by  w  ay  of  orthoganol  struts  which  pierce 
the  ribbon  radially.  Spacer  washers  separate  the 
turns  of  the  spiral,  and  are  held  in  place  with  the 
struts.  A  diagram  of  the  device  is  shown  in  Figure 
3. 

To  follow  through  a  typical  calculation  it  is  first 
necessary  to  clearly  describe  the  collectors  geometric 
properties,  and  fluid  characteristics  used  in  the 
analysis.  This  information  is  given  below: 

Geometric  Properties 

Af,  -  Free  flow  area  (open  frontal  area)  - 

FT* 

A  *  The  total  heat  transfer  area  -  FT* 

L  ■  Length  of  collector  (in  direction  of 

(low)-  FT  (.0313)  (Fig.  1) 
b  -  Free  spacing  between  tins  •  FT 

(1.25  X  10  ’)  (Fig.  1) 

6  •  Fin  thickness  -  FT  (.83  x  10'*)  (Fig. 

1) 

r^  •  Hydraulic  radius  ■  FT 

D|  •  Collector  outer  diameter -FT  (.104) 

D;  ■  Collector  hub  diameter  -  FT  (.063) 

d  -  Support  stmt  diameter  •  IT  (7.S  x 

10’) 

N  -  Number  of  riblMin  layers  or  turns 

(16) 

n  •  Number  of  supporting  struts  (8) 

or  -  Fin  proportionality  factor 

N„  -  Reynolds  Number  through  collector 

I  -  ribbon  length  (unwound) 

p  -  collector  foil  pilch  •  IT.  (1.33  x 

10’) 

Q  •  no.  of  ribbon  revolutions  •  radians 

Ihe  flow  media  is  ba.Mcally  air  with  wry  .small 
concentrations  of  explosive  vajwr;  themfore.  the 
appropriate  air  pro|>crties  to  Ih:  ased  are  as  follows; 

C^  «  0.24  BTU/LU  'F 

-  0.70 

#>  .075  LB/rr' 

D,  >-  .27  IT/HR. 

N,  »  2.17 

K  -  .015  BTU/HR  FT -^F 


6.  CALCULATION  OF  COLLECTOR 
GEOMETRIC  PARAMETERS 
(See  Figure  3  for  Dimensional  Reference). 

The  various  collector  geometric  parameters  are 
calculated  using  these  relationships: 

Flow  Thru  Area 

l=Q(R,  *  A  •  0=32Tr  (.39  +  —  •  327r)=4.27 
4ir  47r 


^  ,  (D,-D0 

/I  =|iL-(D;-D;))-  «  .  riu/  -(/  ♦  61=3.81x/0- 
■"4  ■  2 

where 

/?-«,♦  h 

f  • 


Because  the  collector  design  is  an  annular  design  with 
a  .spiral  riblKin  foil,  it  is  necessary  to  convert  this 
geometry  to  an  equivalent  rectangular  heal  exchanger 
with  fins  in  order  to  use  cla.ssic  heat  exchanger 
perfonnance  data. 

Assume  that  (he  heat  excliaitger  nx-iangular  width 
will  Ih:  equivalent  to  the  mean  collector  circum* 
fcrence  C„. 


Sf,1 


.26  FT  W 


The  fin  height  Y  can  be  calculated  from  collector 
flow  area  (A,,). 


3.81  X  lO-’fr 
.26  FT 


=  14.7  X  10-^fT 


The  number  of  fins  (N’)  can  be  calculated  from 
collector  ribbon  length  L 


4.27 

.26 


16.4 


The  rate  of  outlet  concentration  to  inlet  concentration 
for  the  collector  is  given  by: 


If  we  express  this  exponential  power 
as  N.n)  (number  of  transfer  units) 


it  is  then  possible  to  express  an  efficiency  equation 
as: 

COLLECTION  EFFICIENCY(E)  -  1  -  e'""- 


To  calculate  the  collector’s  efficiency,  we  must 
determine  the  operating  conditions  of  the  collector 
with  respect  to  mass  flow  rate,  and  Reynolds  Number 
from  which  the  nutss  tiaitsfer  factor  (JJ  can  be 
estimated  (see  Figure  4). 

Assuming  a  20  liter/sec  flow  rate  through  the  col* 
lector  a  few  more  parameters  must  be  calculated 
before  we  can  enter  Figure  4  and  estimate  (JJ. 

MASS  FLOW  RATE 

th  -  20  Us  •  3.53Jt/0-=  FTH  •  0765  LB/FP-.OSA  LBfS 

7.  COLLECTOR  EFnCIENCY  CALCULATION 

UNIT  MASS  FLOW 

In  heat  collector  design  praclico,  it  i.s  convenient  to 
use  the  term  N'''  (number  of  uniLs  transferrcul)  so  that 

m  efficiency  or  'figure  of  merit*  can  be  determined  ~  LB/SEC~FP  (Sl.Qx/O*  LBINR-f 

iiukpcndently  from  actual  heal  transtor  rale.  ^ 

For  a  collector  dkeign  we  will  dclemtinc  efficiency 
without  having  the  need  to  know  the  actual  molcr 
conci'iilrutitHt  front  a  molcr  Italatice  relationship  as 
follows: 


REYNOLDS  NUMBER 


4rfi  4  .  .47  X  lO'*  •  51.0  .t  10’ 

N.r  ■  — —  "  - - - - — - - -  ■  2179 

"  u  0.044 


solving  fur  a  (fin  proportionality) 


o  -  — j  -  290 

T  .896  X  lO'* 


and  fin  spacing  becomes: 

h  •  1.  >  iH  X  10*^  ■=  .896  X  10-’  FT 
N'  16.4 
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PROPORTIONALITY  CONSTANT 

calculated  as  follows: 

_L  =  - -  =  16.5 

4  A  •  A1  X  10'’ 

FLOW  =  20  LITERSISEC  ~  51.0  KP  LBIHR-FT^ 


From  Figure  4,  =  .005  f  =  .019 

EFFICIENCY 


i  ^  .0313  •  .005 

^  "  2.17^  •  .47  JC  10-’ 


.20 


INPUT  POWER  =  582  WATH  -  1979  BTUIHR 


MAINTENANCE  TEMPERATURE  •  155.3°F 


E  =  1  -e'^'  =  1  -€'•»  =  .181  (18.1)« 


AMBIENT  TEMPERATURE  •  6%'^F 


8.  PRESSURE  DROP  CALCULATION  HEAT  TRANSFER  COEFFICIENT 

Pressure  drop  across  the  collector  can  be  calculated  ^  ^  6 

from  the  friction  factor  (0  at  the  specified  unit  mass  A  (aT) 

flow  rate  G. 


HEAT  TRANSFER  FACTOR 

(14.2)-  ■  .014  >  .255 

64.4  •  3.81  .t  10-’  •  .075  ^  _  W  ^  bTU  ,  ,/Ji  -  “F,  ,HR  FT, 

G  '/er/'-V  'fin/  lb  ‘ 


aP  »  53.08  LB/FT  -  10.2  IN.W.C. 


9.  CORRELATION  WITH  TEST  RESULTS 

Mj  verity  the  analytical  model  against  actual 
performance,  both  beat  transfer  and  pres.sure  drt^ 
measurements  were  performed  on  this  prltcular 
design.  Actual  collection  efficiency  was  also  shown 
to  correlate  with  theoretical  pcrtonnance,  .subject  to 
a  greater  spread  in  last  repeatalnlity  due  to  the 
difficulty  in  generating  exact  va(a«r  concentrations 
presented  to  the  collector. 

10.  VERinCATlON  OF  HEAT  TKANSITIR 
FACTOR 

The  heat  Iransler  coefficient  was  verified  by 
c.sUhli.shing  a  .steady  state  flow  rate  through  the 
device,  and  heating  flic  metal  ribbon  to  a  steady 
temperature  above  ambient.  Using  ibe  flow  rate, 
ambient  air  temperature,  riblxui  iem|>era(ure.  and  the 
electrical  tviwer  rciluired  to  nuiintain  tin*  elevated 
temperature,  tlie  actual  heal  transfer  toctur  was 


Combining  those  ospressions. 

J  _ 1979  (.71)-’  ,, 

**  A  -  aTC\G  .255  187.3)  (.24)  SI.O  •  4  Jt  10’ 

Compared  to, 

-  .lOoO  FROM  FIGUm.  4 

n.  VERIFICATION  OF  PRF.S.SURE  DROP 

Figure  .5  prc.scnls  measured  valuc.s  of  pressure  drop 
(AP)  as  a  funclton  of  flow  rate  through  the  collector. 
Mca-siircmmls  were  nude  for  Iwlh  a  fully  asscinbh  il 
collector  and  a  collector  hottsiog  without  the  .spiral - 
wound  collector,  to  ohiain  the  net  prcvsnin'  drop. 

AP.„  IS  the  portion  ol  the  pressure  drop  due 
to  fhclional  mtoraclutn  between  the  flowing  air  and 
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the  spiral-wound  ribbon.  At  20  liters/second,  the 
observed  value  of  AP^,  is  12  in.  w.c.,  in  good 
agreement  with  the  value  of  10.2  in.  w.c.  obtained 
using  Figure  4. 

12.  CONCLUSION 

The  use  of  the  correlation  between  heat  and  mass 
transfer  allows  the  principles  of  heat  exchanger 
design  to  be  applied  to  the  design  of  surface  type 
collectors  for  explosives  vapors.  The  availability  of 
such  a  powerful  set  of  design  tools  allows  a  very 
thorough  parametric  design  analysis  to  be  done  for 
surface  type  collectors.  Together  with  fluid  flow 
considerations,  this  model  allows  any  collection 
requirement  to  be  modeled,  and  optimized.  This 
paper  has  concentrated  on  a  flat  plate  spiral  ribbon 
design,  however,  the  same  principles  can  be  used  for 
any  geometry  of  surface  type  collector. 
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PRESSURE  DROP  VERSUS  FLOW  FOR  20  l/a  COLLECTOR 
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NEGAnVE-ION  FORMATION  IN  THE  EXPLOSIVES  RDX,  PETN, 
AND  TNT  USING  THE  REVERSAL  ELECTRON  ATTACHMENT 
DETECTION  (READ)  TECHNIQUE 


A.  Chutjian,  S.  Boumsellek,  and  S.  H.  Alajajian 
Jet  Propulsion  Laboratory,  California  Institute  of  Technology 
Pasadena,  CA  91109 


1.  INTRODUCTJON 

In  the  search  for  high  sensitivity  and  direct 
atmospheric  sampling  of  trace  species,  techniques 
have  been  developed  such  as  atmospheric-sampling, 
glow-discharge  ionization  (ASGDI)  (McLuckey  et  al. 
1988,  1989,  1989a),  corona  discharge  (Lee  and  Lee 
1991),  atmospheric  pressure  ionization  (API)  (Huang 
et  al  1990),  electron-capture  detection  (BCD) 
(Lovelock  1982,  Conrad  and  Peterson  1978),  and 
negative-ion  chemical  ionization  (NICI)  (Daugherty 
1981)  that  are  capable  of  detecting  parts-per-billion  to 
parts-per-trillion  concentrations  of  trace  species, 
including  explosives,  in  ambient  air.  These 
techniques  are  based  on  positive-  or  negative-ion 
formation  via  charge-transfer  to  the  target,  or 
electron  capture  under  multiple-collision  conditions  in 
a  Maxwellian  distribution  of  electron  energies  at  the 
source  temperature.  Subsequent  detection  of  the  ion- 
molecule  reaction  products  or  the  electron-attachment 
products  is  carried  out  using  time-of-flight. 
quadrupole,  magnetic-sector,  ion  trap  or  analog 
current  measurement  methods. 

One  drawback  of  the  high-pressure,  corona-  or  glow- 
discharge  devices  is  that  they  are  susceptible  to 
interferences  either  through  indistinguishable  product 
masses,  or  through  undesired  ion-molecule  reactions. 
Ihe  ASGDI  technique  is  relatively  immune  from  such 
interferences,  since  at  target  concentrations  of  less 
than  1  ppm  the  majority  of  negative  ions  arises  via 
electron  capture  rather  than  through  ion-nwlecule 
chemistry  (McLuckey  et  al.  1989).  A  drawback  of 
the  conventional  BCD,  and  possibly  of  the  ASGDI, 
is  that  they  exhibit  vanishingly  small  densities  of 
electrons  with  energies  in  the  range  O-iO  milliclectron 
volts  (nwV),  a-s  can  be  seen  from  a  typical 
Maxwellian  electron  energy  distribution  function  at 
T  a  300K.  Slowing  the  electrons  to  these  .subthermal 
(less  than  10  meV)  energies  is  crucial,  since  the  crow; 
section  for  attachirtcnt  of  several  large  classes  of 
molecules  —  including  the  explosives. 


chlorohalocarbon  conqwunds  and  perfluorinated 
carbon  compounds  —  is  known  to  increase  to  values 
larger  than  cm^  at  near-zero  electron  energies 
(Orioit  et  al.  1989,  Chutjian  and  Alajajian  1985, 
198Sa).  In  the  limit  of  zero  energy  these  cross 
sections  are  predicted  to  diverge  as  e’’'*,  where  6  is 
ihe  electron  energy.  This  is  a  direct  consequence  of 
the  Wigner  threshold  law  for  electron  attachment 
(Orient  et  al.  1989,  Wigner  1948).  The  READ 
concept  is,  in  fact,  the  molecular-physics  analog  of 
the  same  quanium-mechanical  threshold  law  operative 
in  the  Thermal  Neutron  Analyzer  (TNA)  (Chutjian 
1991). 

In  order  to  provide  a  better  *match'‘  between  the 
electron  energy  distribution  function  and  attachment 
cross  section,  a  new  concept  of  attachment  in  an 
electrostatic  mirror  was  developed  (Orient  et  al 
1985).  In  this  scheme,  electrons  are  brought  to  a 
momentary  halt  by  reversing  their  direction  with 
electrostatic  fields.  At  this  turning  point  the  electrons 
have  zero  or  near-zero  energy.  A  beam  of  target 
molecules  is  introduced,  and  the  resultant  negative 
ions  extracted.  This  basic  idea  has  been  recently 
improved  to  allow  for  better  reversal  geometry, 
higher  electron  currents,  lower  backgrounds,  and 
increased  negative-ion  extraction  efficiency  (Bemius 
and  Chutjian  1989,  1990).  We  present  herein 
application  of  ihe  so-called  reversal  electron 
attachment  detector  (READ)  to  the  study  of  negative- 
ion  fonnation  in  the  explosives  molecules  RDX, 
PETN,  and  TNT  under  single-collision  conditions. 
The  technique  exploits  the  fact  that  these  molecules 
are  known,  indirectly  through  results  in  the  ECD 
(Conrad  and  Peterson  1978),  to  attach  thermal-energy 
electrons.  Present  results  provide  the  first  direct 
venfication  that  explosives  molecules  attach  zero- 
energy  electrons,  and  offer  the  dissociative 
attachment  fragmentation  pattern  for  each  target. 

Unlike  the  ASGDI,  API,  corona-discharge,  ECD,  or 
NlCl  technique.«,  negative-ion  generation  by  reversal 
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electron  attachment  is  also  able  to  access  resonances 
at  £  >  0,  beyond  the  range  of  thermalized  energies. 
This  feature  has  been  demonstrated  by  shifting  the 
location  of  the  electron  turning  point  with  respect  to 
the  target  beam  (Bemius  and  Chutjian  1989).  While 
one  would  require  zero-energy  electrons  for 
attachment  to  the  nitrogen  containing  explosives 
RD.X,  PETN,  TNT,  and  EGDN,  there  is  yet  another 
class  of  energetic  peroxy-explosives,  containing  no 
nitrogen,  whose  attachment  cross  sections  may  peak 
beyond  the  range  of  electron  energies  present  in  a 
plasma  discharge  (Fetterolf  and  Clark  1991).  The 
variable-energy  READ  would  find  additional  u.se  for 
such  molecules,  as  well  as  for  narcotics  (known  to  be 
undetected  in  the  ECD).  Also,  because 
measurements  are  carried  out  under  single-collision 
conditions,  there  is  no  ion-rnolecule  chemistry  in 
READ  to  speak  of.  Finally,  since  one  is  detecting 
product  masses,  the  READ  method  is  capable  of 
identifying  one  or  more  "signature"  ions  in  the 
attachment  process.  In  ap'  hcations  where  time  is  not 
critical,  one  can  ci.visage  the  use  of  several  mass 
detectors  *o  detect  products  in  coincidence.  This 
would  mitigate  strongly  against  interferences,  and 
could  even  serve  to  identify  which  'ype(s)  of 
explosives  were  being  detected. 

However,  a  sobering  problem  awaiting  "in  the  wings" 
with  the  READ,  and  with  any  single-col!i.sions 
technique,  is  that  of  sample  introdu>.tion  from 
atmosphere  to  vacuum.  This  work  is  currently 
underway  in  our  laboratory. 

2.  READ  INSTRUMENT  DESCRIFTION 

A  schematic  diagram  of  the  READ  apparatus  is 
shown  in  Fig.  I,  and  details  of  its  operation  have 
been  given  elsewhere  (Bernius  and  Chutjian  1989. 
1990).  READ  consists  of  an  indirectly-heated 
cathode  F  from  which  electrons  are  extracted, 
accelerated  by  a  five-element  lens  system,  and 
focused  into  an  electro.static  mirror.  The  mirror 
decelerates  the  electron  beam  to  zero  longitudinal  and 
radial  velocity  at  the  reversal  plane  R  (Fig.  1).  The 
electron  beam  is  square-wave  modulated  by  fast 
switches  Sj-Sj  with  a  nearly  5096  duty  cycle.  Tliese 
switches  are  power  MOSFET-based  to  ensure  last  (50 
nsec)  risotimes  between  full-tloating  lens  voltages 
(Bemius  and  Chutjian  1989u,  1990a). 

Electron  attachment  to  the  explosives  target  takes 
place  at  R  during  one  half  of  the  pulse  cycle.  Tlie 
resulting  negative  ions  are  extracted  during  the 
second  half  (eloctrou  beam  pulsed  off),  then  focused, 


deflected  by  a  90°  electrostatic  analyzer  (ESA)  to 
ensure  the  sign  of  charge,  and  further  focused  onto 
the  entrance  plane  of  a  quadmptile  mass  spectrometer 
(QMS).  Ion  counts  are  recorded  in  a  multichannel 
scaling  mode  using  an  Ortec  7100  multichannel 
analyzer  interfaced  to  an  Extrel  quadrupole  mass 
controller.  Spectra  are  obtained  by  scanning  the 
masses  transmitted  by  the  quadrupole;  and  are 
recorded  in  1024  channels  with  a  dwell  time  of  0.1 
sec/channel. 

3.  EXPLOSIVES  HANDLLNG 

Because  of  the  low  vapor  pressure  of  the  explosives 
targets,  and  their  tendency  to  adsorb  to  most 
surfaces,  special  care  had  to  be  taken  to  transport  the 
target  into  the  reversal  region,  and  to  ensure  that 
there  was  no  contamination  amongst  the  RDX, 
PETN,  and  TNT  measurements.  Each  solid  target 
was  placed  in  a  pyrex  bulb  P  (Fig.  11  inside  the 
vacuum  chamber.  The  vapor  pressures  at  300K  of 
RDX,  PETN,  and  TNT  are  quite  low:  8.5  X  10 '  Pa, 
2.7  X  10 and  1.3  X  lO'-’  Pa,  respectively  (Dionne 
et  al.  1986).  And  hence  the  bulb  had  to  be  heated, 
with  nichrome  wire  wound  around  the  outside  body. 
The  resulting  vapor  was  conducted  to  R  through  a 
heated  stainless-steel  tube. 

4.  EXPLOSIVES  ATTACHMENT  RESULTS 

Negative-ion  mass  .spectra  of  RDX,  PETN,  and  TNT 
are  presented  in  Figs.  2-4,  re.spectively.  Several 
spectra,  taken  on  different  days,  were  recorded  for 
each  molecule.  For  each  spectrum,  a  recording  time 
of  0.5-2  h  was  needed  to  scan  200-300  amu  with  a 
resultant  signal /background  of  50-150.  Spectra  were 
obtained  with  a  mass  resolution  of  aw  =  0.9  amu 
(FWHM),  using  extraction  voltages  in  the  ion 
lens  system  and  low  acceleration  voltages  in  the 
quadrupole  rods  (0-10  V).  In  order  to  (a)  focus  the 
incident  electron  beam  at  the  reversal  plane,  (b) 
check  the  calibration  of  the  mass  .scale,  and  (c) 
monitor  the  spectral  lineshapes,  one  first  ob, served  the 
zero-energy  electron  attachment  products  in  CCl.,,  c- 
CjF^i,  and  c-CjFj.  Electron  attachment  in  CClj  leads 
via  disewiative  attachment  to  form  only  the  isotopes 
’’C*'  and  .  The  targets  c-QF ,  and  c-Cd'n  fi>i'm 
only  the  molecular  ions  c-C^F,,  and  c-C,F„  at  m/e 
186  and  212,  respet  uvcly.  Thc.se  ions  .served  lo 
calibrate  the  entire  range  of  the  muss  scale. 

The  fragmentation  pattern  (''signature")  of  each 
explosives  molecule  was  recorded  between  mu.ss  30 
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and  the  mass  conesponding  to  the  molecular  ion. 
Spectra  are  not  reported  below  mass  40.  This 
region,  during  blank  runs,  contained  the  two  peaks  at 
mie  -  35  and  37  due  to  persistent  CCI4  adsorbed  on 
the  optics  surfaces.  In  addition,  there  was  a  strong, 
continuous  background,  starting  at  mIe  =  20  and 
extending  towards  mie  =  1,  which  was  assumed  to 
arise  from  scattered  and  extracted  electrons  from  the 
gun. 

Each  of  the  three  explosives  spectra  shows  an 
abundance  of  the  NOj'  ion  at  m/e  =  46.  This  is  in 
agreement  with  methods  using  a  multiple-collision, 
high  source-pressure  (NICI)  environment  (Yinon 
1982).  It  is  useful  to  point  out  that,  unlike  in  NICI 
(Yinon  1980,  1982),  no  masses  greater  than  the 
parent  ion  mass  can  be  observed  in  this  work,  since 
one  is  in  a  single-collision  regime,  with  crossed  (or 
just  touching!)  beams  of  electrons  and  target. 
Further  discussion  of  differences  among  the  three 
spectra  can  be  found  in  Boumsellek  et  al.  (1992). 

5.  INCREASING  THE  ELECTRON  CURRENT 
IN  READ 

The  original  READ  (READ  I)  electron  gun  lens 
system  has  been  redesigned  to  allow  for  greater 
electron  currents  at  the  reversal  region  R.  With  the 
use  of  a  spherically-shaped  electron  emitter  and  an 
added  "shim"  electrode  in  the  cathode  region, 
currents  as  large  as  I  ma  have  been  focused  at  R 
(Boumsellek  and  Cbutjian  1992).  This  is 
approximately  two  orders  of  magnitude  greater  than 
with  the  planar  emitter  in  the  original  READ  I 
design.  Electron  trajectories,  computed  with  a 
sophisticated  space-charge  limited  code,  are  shown  in 
Fig.  5. 

The  new  detection  sensitivity  of  READ  II  has  been 
measured  using  the  technique  of  standard  dilutions 
(Willard  et  al.  1981).  The  test  mixture  was  varying 
concentrations  of  CCI4  in  Nj,  and  c-C^F^  in  Nj. 
Results  of  this  test  are  shown  in  Fig.  6.  As  one 
would  expect  from  the  increased  electron  current  in 
READ  II,  the  present  detection  sensitivity  exceeds 
that  of  READ  I.  For  example,  at  a  comnKMt 
concentration  of  10  pptr,  READ  II  ha.s  approxinuteiy 
a  factor  of  25  greater  signal  rale  than  READ  I  (sec 
Fig.  3  of  Bcmiu.s  and  Chutjian  1990).  Moreover, 
from  Fig.  6  (CCIJ  one  may  easily  extrapolate  to  a 
count  rale  of  13  kHz  at  a  mixture  of  1  pptr,  and  to  a 
count  rate  of  7.5  kHz  at  a  mixture  of  1:  t0'^ 


6.  THE  GRIDDED  (MINIAITJRE)  ELECTRON 
REVERSAL  IONIZER 

As  noted  above,  there  are  several  types  of  glow- 
discharge  and  corona-discharge  ionizers  capable  of 
accepting  a  8anq)le  of  the  explosives  molecules 
directly  from  atmo^heric  pressure,  and  ionizing  it  in 
the  plasma.  A  portion  of  the  plasma  is  then  focused 
into  suitable  detector,  such  as  a  quadrupole  mass 
analyzer.  While  such  devices  have  a  low  ionization 
efficiency,  their  advantage  lies  in  the  sinqilicity,  ease 
of  use,  and  ruggedness  of  the  ionizer.  Cleaning  is 
only  infrequently  required,  and  there  are  no  filaments 
to  replace. 

Given  this  simplicity,  one  may  naturally  ask  if  there 
is  a  configuration  to  the  present  READ  device  which 
may  have  a  comparable  simplicity,  yet  retain  the 
essence  of  the  reversal  idea.  Shown  in  Fig.  7  is  one 
conception  of  the  reversal  ionizer,  together  with  a 
photograph  of  the  constructed  miniature  READ. 
Here,  zero-«iergy  electron  current  and  precise 
control  of  the  reversal  trajectories  are  sacrificed  for 
simplicity  of  design.  Basically,  electrons  are  emitted 
from  a  filament  F  which  is  wrapped  around  or  placed 
adjacent  to  a  conical,  gridded  structure  C.  Within  C 
is  a  second  gridded  or  porous  cylinder  G  through 
which  the  sample  is  introduced.  Potentials  Vq 
and  \ f  are  arranged  so  that  electrons  are  accelerated 
from  F  towards  C.  A  simulation  of  this  system  using 
the  SIMION  code  indeed  showed  electron  trajectories 
reflected  at  the  surface  of  the  porous  cylinder  G. 
And  hence  attachment  to  the  explosives  molecules 
will  take  place  along  the  length  of  G.  A  typical  set 
of  voltages  is  V,  a  Ov,  V^.  =■  150v,  and  V^,  «  12v. 
For  extraction  Al  =■  Ov,  A2  SOOv,  and  A3  «  SOv. 

Between  C  and  O  the  electrons  are  decelerated  to 
near  zero  energy.  Negative  ion  formation  through 
the  zero-energy  or  low-energy  attachment  resonanc&s 
in  the  explosives  (or  drugs)  molecules  occurs  here. 
By  syirunnotry,  and  due  to  the  conical  shape  of  C, 
there  exists  a  radial  electric  field  ET,  as  welt  a.s  an 
axial  field  E*,  which  weakens  towards  the  extraction 
aperture  Al.  Negative  ions  generated  in  the 
immediate  itgion  about  G  are  then  accelerated 
towards  Al  by  E*,.  At  Al,  the  penetrating  fields  of 
the  shaped  electrodes  A2  and  A3  extract,  focas  and 
accelerate  the  ions  to  several  hundred  cV  towards  the 
detector  entrance  window  W  (which  may  be  a 
quadrupole  rmess  analyzer,  ion  trap,  etc.).  The 
device  operates  continuously,  with  no  pulsing  or  grids 
or  lens  elements  required.  The  sample  eninince  may 
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be,  as  with  the  READ  case,  a  leak  valve,  or  a  rotary 
trap. 

7.  THE  ENERGY  DEPENDENCE  OF  THE 
ATTACHMENT  PROCESS 

It  was  apparent,  although  not  proven,  that  electron 
attachment  to  explosives  molecules  should  have  a 
maximum  cross  section  at  or  near  zero  electron 
energy.  While  the  performance  of  the  conventional 
'lectron-capture  detector  (ECD)  is  based  on  this 
phenomenon,  it  was  not  until  the  recent  results  of 
Boumsellek  et  al.  (1992)  that  this  was  demonstrated 
experimentally. 

There  is  practically  no  information  on  the  explosives 
molecules  of  basic  attachment  properties  such  as 
electron  affinities,  dissociation  energies,  rate 
constants,  cross  sections,  or  energy  dependence  of 
attachment.  In  the  course  of  previous  READ  work 
lineshape  measurements  were  carried  out  on 
nitrobenzene,  an  explosives  simulant,  with  JPL's 
photoionization  apparatus.  Attempts  to  measure 
lineshapes  for  TNT  failed  due  to  the  relatively  low 
vapor  pressure  of  TNT,  and  the  limited  sensitivity  of 
that  apparatus. 

JPL  is  currently  a.ssembling  a  new  type 
photoionization  apparitu.s  based  on  our  earlier 
krypton  photoionization  idea  (Cbutjian  and  Alajajian 
1985,  198Sa).  In  the  now  technique,  vacuum 
ultraviolet  (VUV)  photons  will  be  generated  from  a 
pulsed  laser  (see  Fig.  8  schematic).  Hiesc  photons 
will  photoionize  a  mixture  of  xenon  atoms  and  the 
explosives  target  in  a  beam.  The  electrons  will  attach 
to  the  target,  and  the  re.sulting  negative  ions  wilt  be 
extracted  and  detected  by  a  quadrupole  mass 
analyzer.  The  VUV  photons  will  bo  generated  by  a 
unique  method  consisting  of  (a)  doubling  the  1064  nm 
Nd:  YAG  laser  line  to  532  nm,  (b)  exciting  a  dye  cell 
with  the  532  nm  line  to  generate  548  nm,  (c)  mixing 
the  532  and  548  nm  wavelengths  to  generate  270  nm 
radiation,  (d)  tripling,  in  vacuum,  270  nm  to  90  nm 
radiation,  (e)  ionizing  a  mixture  of  Xu  and  RDX 
(.say)  to  generate  tlte  attachment  spectrum  of  RDX. 
and  (0  extracting  the  negative  ions  and  f(x;u.sing  them 
into  a  quadrupole  nuecs  analyzer.  Calculations  based 
on  the  la,scr  ntanufaclurcr'.s  .specification  of  6 
ny/pulse  at  270  nm  shows  that  RDX  should  give  a 
total  attachment  signal  (all  mas,sc.s)  of  120  ions/pul.se. 
Thi.s  is  a  large  and  ca.sity  detectable  signal,  with  a 
very  small  expected  contribution  from  backgrounds. 
Ihc  expected  resolution  and  sensitivity  of  the  laser 
iuoization  apparalas  will  be  factors  of  20  and  100 


greater,  respectively,  than  in  JPL’s  jirovious  work. 

Using  this  technique,  the  electron  energy  dependence 
of  the  attachment  process  in  the  explosives  molecules 
will  be  determined.  Initial  tests  will  be  made  on 
TNT  and  RDX.  Moreover,  methods  will  be  explored 
of  converting  the  energy  dependence  to  attachment 
cross  sections. 

The  laser  and  associated  equipment  (doubler,  dye 
cell,  mixer,  computer,  and  table)  were  purchased 
under  a  $95,(X)0  grant  to  this  project  from  the  JPL 
Capital  Equipment  Fund,  at  no  cost  to  the  DoT/FAA 
Technical  Center.  The  apparatus  is  currently  being 
assembled,  and  portions  of  it  (vacuum  chamber, 
quadrupole  mass  analyzer  and  electronics)  will  also 
be  used  for  testing  the  miniature  READ  device 
described  in  Sec.  6  above. 
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FIGURE  1:  Schematic  diagram  of  the  READ  apparatus,  with  detail  of  the  explosives  sample  tube.  Electrons  arc 
genetated  at  the  filament  F,  accelerated  into  the  reversal  region  R  where  attachment  takes  place.  Fast  .switches  S,-S] 
pulse  electrons  during  one  half  cycle,  then  pulse  negative  ions  out  towards  the  electrostatic  analyzer  (ESA)  during 
the  second  half.  Ions  are  focused  into  the  quadrupole  mass  spectrometer  (QMS),  detected  at  the  channel  electron 
multiplier  (CEM),  amplified  and  counted.  Detail  shows  the  healed  tube  (P),  sample  (EX),  heater  wires  (W) 
thermocouple  (T),  teflon  spacer  (TF),  and  stainless-steel  outer  heat  shield  (SS). 
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FIGURE  4:  Kegatlve^ioa  taass  epectrtm  of  TNT  formed  In  zero-energy  attachment. 


h  -mD  electron  trajectories  using 
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FIGURE  5;  Schemilic  (Itagntn  aiul  electron  injeciortc.'ii  of  the  «:phcncal-c«lJio(k  RUAD  II  dcxoc.  ilic 

electron  jpin,  oioctroh  reversal,  and  i«>n  extraction  lens  systems.  Hie  indirectly  heated  sphcncal  electron  emitter 
is  denoted  a.s  F,  the  reversal  region  and  collision  center  by  R.  and  tlic  entrance  window  to  the  subM.s|ucoi  mass 
anal  zet  (not  shown)  hy  W. 


FIGURE  6:  READ  II  seosttivilyevtltuUon  tmag  (be  stamhid  eibbboiu  aiulym  for  vaHnus  conccnlratiom  ol  CO, 
in  N;  (top)  am)  c-C^I't  in  N;  (bodom).  The  solid  lines  rcpicseni  a  Icxst-squarcs  ftl  (u  (he  data,  and  ca(rapt*la(es  tn 
CCl,  10  a  coun(  rate  of  13  kHz  a(  a  concentradon  of  I  ppir.  and  7.3  kHz  at  1 ;  10".  The  couni  rale  at  10  pp(r  is  a 
factor  of  23  stealer  (baa  previous  results  reported  (o  READ  I  iBcnuus  aad  Omijiau  1900). 
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GRIDDED  (MINIATURE)  REVERSAL  IONIZER 


FlfitlKE  7:  Schetnattc  tliajrMiti  nf  ihc  gntkicd.  imniaiuic.  ciccmm-rcvcfsal  iniuz;^  Mopi  EletU'  nv  Ifom  fila.twn' 
P  afc  ar;vlenil«d  ihmugh  C  siflcl  Jccclmlcd  In  icro  t-ttctgy  >1  G  -h  i.>  the  I'rjici  fw*l  «ulcs. 

C»lrac(if*i»  i!»  Wo  Ihc  weak  axial  cicciric  field  E',.  "  m  jrai  Mr  ;  .  i;  ntuU  >1  apcfiurcs  Al  AJ.  l-inal  focUMng 

tx  mode  onto  ihc  smirauKO  |tlaiw  W  of  i  ■  u>.u  »  -vluih  .  ‘.uid  he.  for  cxaiwjilc.  a  quadnipiilc  mas*  aiuJy.vi. 

IBtHbuc)  Photograph  of  ihi*  ;  •  :  mimaiurc  READ  lomaor. 


FIGURE  8:  Schematic  diagram  of  the  laser  ionization  apparatus.  Low-energy  electrons  are  generated  by  vacuum 
ultraviolet  (VUV)  ionization  of  Xe.  The  VUV  photons  are  generated  by  (a)  doubling  the  1064  nm  Nd: YAG  laser 
line  to  532  nm,  (b)  exciting  a  dye  cell  with  the  532  nm  line  to  generate  548  nm,  (c)  mixing  the  532  and  548  nm 
wavelengths  to  generate  270  nm  radiation,  (d)  t-ipling,  in  vacuunt,  270  nm  to  90  nm  radiation,  (e)  ionizing  Xe  in 
a  mixture  of  Xe  and  RDX  (say),  (0  allowing  tkc  electrons  to  attach  to  RDX,  and  (g)  extracting  the  negative  ions 
and  focusing  them  into  a  quadmpole  mass  spectrometer.  The  Ij  cell  is  used  to  calibrate  the  laser  wavelength. 
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1.  INTRODUCTION 

Airport  security  has  become  an  important  concern  to 
cultures  in  every  comer  of  the  world.  Presently, 
efforts  to  improve  airport  security  have  brought 
additional  technological  solutions,  in  the  form  of 
advanced  instrumentation  for  the  detection  of 
explosives,  into  use  at  airport  terminals  in  many 
countries.  This  new  generation  of  explosives  detectors 
is  often  used  to  augment  existing  security  measures 
and  provide  a  more  encompassing  screening 
capability  for  airline  passengers. 

The  application  of  a  new  technology  to  address 
problems  encountered  in  the  real  world  environment 
is  a  complex  process.  The  technology  must  be 
designed  into  rugged,  easy-to-operate  systems  that 
can  successiiilly  interact  with  a  myriad  of  situations 
that  are  seldom  anticipated  during  initial  R&D 
phases.  Once  explosives  detection  systems  are 
impiemented,  they  are  routinely  operated  by 
personnel  who  are  more  focused  on  the  overall 
security  provided  by  the  screening  procedure  than  on 
the  intricacies  of  the  instrumentation  employed.  In 
this  context,  an  explosives  detection  system  must 
allow  for  rapid  verification  of  performance  by 
untrained  personnel  with  minimal  interruption  of 
normal  screening  procedures. 

Because  of  the  broad  spectrum  of  technologies 
currently  being  used  to  address  explosives  detection, 
it  would  be  difficult  to  implement  an  industry  wide 
doctrine  governing  the  inclusion  of  calibration  steps 
into  normal  operating  procedures.  Factors  such  as  the 
frequency  and  extent  of  calibration  required  to  ensure 
proper  operating  performance  depend  on  the 
underlying  technology  of  the  detection  scheme.  In 
general,  calibration  procedures  should  provide 
accurate  information  regarding  system  jerfomiance. 
Additionally,  a  well  designed  calibratio.i  procedure 
also  provides  diagnostic  information  when  the  system 
malftinctions.  This  type  of  information  enables 
corrective  action  to  be  quickly  initiated  and  downtime 
minimized.  Calibration  procedures  should  also  be 
fast,  relatively  easy,  inexpensive,  and  should  not 


require  the  use  of  specialized  equipment.  Simplicity 
and  speed  are  important  characteristics  of  a  successful 
calibration  procedure  because  system  operators 
usually  have  very  limited  experience  with  the 
instrument.  Furthermore,  any  time  devoted  to  system 
calibration  represents  time  lost  for  explosives 
screening. 

Another  factor  that  affects  system  performance  is  the 
sampling  protocol  employed.  The  sampling  protocol 
interfaces  the  detection  technology  with  real  world 
samples,  therefore,  the  calibration  procedure  should 
closely  resemble  the  sampling  protocol  used  during 
routine  explosives  screening.  It  is  also  important  that 
the  calibration  procedure  include  real  explosives  to 
accurately  test  the  entire  screening  procedure. 
Technologies  that  require  dangerous  amounts  of 
materia]  for  detection  render  the  use  of  real 
explosives  impractical  due  to  public  safety  concerns. 
In  these  cases  a  suitable  explosive  simulant,  if 
available,  should  be  included  in  the  calibration 
sample. 

This  paper  describes  two  calibration  procedures  used 
for  the  Thermedics*  EGIS  explosives  detectors.  The 
systems  were  designed  to  screen  people,  electronic 
components,  luggage,  automobiles,  and  other  objects 
for  the  presence  of  concealed  explosives.  The 
detectors  have  the  ability  to  detect  a  wide  range  of 
explosives  in  both  the  vapor  state  or  as  surface 
adsorbed  solids,  therefore,  calibrations  were  designed 
to  challenge  the  system  with  explosives  in  each  form. 

Because  the  false  alarm  rate  during  routine  daily 
operation  is  low,  it  is  easy  for  system  operators  to 
become  complacent.  For  this  reason  calibration 
procedures  should  be  designed  to  evaluate  each  facet 
of  the  analysis,  from  the  sampling  step  to  analysis 
and  detection.  As  described  below  the  two  calibration 
procedures,  one  for  adsorbed  solids,  another  for 
vapors,  provide  accurate  data  concerning  the 
performance  of  the  EGIS  instrument,  do  not  require 
any  specialized  equipment,  and  are  quickly  and  easily 
performed  at  minimal  cost. 
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2.  EXPERIMENTAL 

2.1  Equipment 

An  EGIS  explosives  detector  (Thennedics  Inc., 
Woburn,  MA)  was  used  to  evaluate  the  calibration 
procedures  for  adsorbed  solids  and  vapors.  A  hand¬ 
held  sampler  collects  explosives  in  either  the  vapor 
state  or  as  solids  adsorbed  on  particulate  matter  by 
drawing  a  sample  stream  across  a 
collection/preccncentration  device.  The  sampler  is 
then  plugged  into  an  analyzer  unit  which  contains 
automatic  sample  processing  hardware,  a  high  speed 
gas  chromatograph,  chemiluminescence  detector,  and 
on-board  computers. 

2.2  Calibration  Solution 

The  calibration  solution  contained  representative 
explosives  whose  vapor  pressures  spanned  more  than 
six  orders  of  magnitude.  Calibration  data  is  presented 
for  ethylene  glycol  dinitrate  (EGDN),  trinitrotoluene 
(TNT),  and  hexogen  (RDX).  Individual 
concentrations  were  less  than  1  X  10'’  moles  per 
milliliter,  in  acetone,  and  the  solution  was  stored  in 
a  tightly  sealed  amber  glass  vial. 

2.3  Adsorbed  Solids  Calibration  Equipment  and 
Procedure 

Wooden  craft  sticks  were  used  as  a  substrate  on 
which  to  apply  trace  amounts  of  individual  explosives 
for  the  construction  of  a  calibration  sample  or  bomb 
surrogate  which  contained  explosives  adsorbed  on  its 
surface.  They  measured  5.5"  X  0.375"  X  0.033", 
roughly  the  dimensions  of  a  popsicle  stick.  The  craft 
sticks  were  "loaded"  by  dipping  them  into  the 
calibration  solution,  immediately  removing  them,  and 
allowing  the  solvent  to  evaporate. 

The  Adsorbed  Solids  Calibration  Procedure  was 
designed  to  resemble  the  real  world  sampling 
protocol.  It  is  performed  by  first  loading  a  wooden 
craft  stick  with  the  explosives  of  interest.  Next,  the 
loaded  craft  stick  is  wiped  repeatedly  with  a  cloth 
material  to  collect  adsorbed  explosives.  The  cloth  is 
then  sampled  with  the  hand-held  sampler  which  is 
.subsequently  connected  to  the  analyzer  to  determine 
the  presence  of  explosives. 

2.4  Vapor  Calibration  Equipment  and  Procedure 

For  the  Vapor  Calibration  Procedure,  8.5"  X  11“ 
sheets  of  paper  were  used  as  the  substrate  surface. 


A  50  microliter  aliquot  of  the  calibration  solution  was 
placed  onto  a  targeted  area  of  the  paper  which  was 
suspended  by  a  ring  shaped  spacer  to  prevent  wicking 
of  the  solution  to  secondary  surfaces.  A  simple 
calibration  platform  was  built  to  hold  the  paper  and 
sampler  such  that  the  targeted  sanqile  area  was 
reproducibly  aligned  with  the  hand-held  sampler. 

The  Vapor  Calibration  Procedure  was  designed  to 
challenge  the  systems  ability  to  collect  explosive 
vapors  emanating  from  surfaces.  Once  the  surrogate 
surfaces  were  prepared  and  placed  in  the  alignment 
platform,  the  hand-held  sampler  applied  heat  to  the 
paper  surface  and  swept  the  resulting  explosive 
vapors  across  the  collection- j.  reconcentration  device. 
The  sampler  was  then  connected  to  the  analyzer  for 
explosives  determination. 


Twenty  five  repetitive  trials  were  performed  for  the 
Adsorbed  Solids  Calibration  Procedure,  ten  trials 
were  performed  with  the  Vfipor  Calibration 
Procedure.  The  average  response  and  the  amount  of 
variability  inherent  in  eaqh  calibration  procedure  was 
determined.  All  of  the  experimental  work  was 
performed  by  a  person  with  limited  EGIS  experience. 
The  calibrations  described  in  this  text  were  designed 
to  challenge  the  detection  system  at  levelt 
approaching  the  detection  limit,  therefore,  relative 
standard  deviations  (RSD)  of  50%  or  less  were 
targeted  as  acceptable. 


3.1  Variability  of  the  Adsorbed  Solids  Calibration 
Procedure 

The  Adsorbed  Solids  Calibration  was  performed 
twenty  five  times  to  determine  the  inherent  variability 
of  the  procedure.  Data  from  the  twenty  five  trials  is 
shown  in  Table  I,  The  average  (AVG)  values 
obtained  for  each  explosive  are  also  listed  along  with 
the  standard  deviation  (STD  DEV)  and  the  relative 
standard  deviation  (RSD).  The  RSD  values  were  30% 
for  EGDN,  43%  for  TNT,  and  41%  for  RDX,  this 
amount  of  variability  was  satisfactory  for  tiie  purpo.se 
of  field  calibration. 

3.2  Variability  of  the  Vapor  Calibration 
Procedure 

The  Vapor  Calibration  was  performed  ten  times  in 
order  to  determine  the  inherent  variability  of  the 


2.5  Experimental  Design 


3.  RESULTS  AND  DISCUSSION 
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overall  procedure.  The  data  is  shown  in  Table  II.  The 
RSD  values  were  36%  for  EGDN,  28%  for  TNT, 
and  46%  for  RDX.  Again,  these  values  were 
acceptable  for  field  calibration  purposes. 

3.3  Sources  of  Variability 

The  sources  of  variability  associated  with  the 
calibration  procedures  include  operator  error,  as  well 
as  the  original  amount  of  explosives  transferred  from 
either  the  craft  stick  or  the  paper  surface  to  the 
sampler.  These  experiments  were  performed  by  an 
inexperi^ced  technician  given  minimal  instructions. 
Further  experiments  employing  different  technicians 
would  reveal  the  significance  of  individual  technique 
in  performing  the  calibrations. 

The  effect  of  vapor  pressure  for  the  individual 
explosives  while  the  acetone  is  allowed  to  evaporate 
would  contribute  to  the  variability  as  well.  The 
individual  explosives  contained  in  the  calibration 
sample  were  selected  to  represent  a  mixture  with  a 
wide  range  of  vapor  pressures,  therefore,  the 
behavior  of  individual  components  would  be  expected 
to  be  significantly  different. 

4.  CONCLUSIONS 

The  overall  data  indicates  that  these  calibrations 
provide  accurate  data  reflecting  the  performance  level 
of  the  system.  As  expected,  the  RSD  values  indicate 
that  there  are  many  sources  of  inherent  variability 
associated  with  the  procedure.  These  would  reflect 
the  variability  of  the  sampling  method  as  well  as 
operator  error.  The  calibration  procedures  were 
demonstrated  to  be  well  suited  for  explosive  detectors 
that  are  designed  to  determine  the  presence  of  trace 
levels  of  materials  in  a  highly  complex  sample 
matrix. 

The  calibrations  are  simple  and  straightforward 
because  they  mimic  their  respective  sampling 
protocols.  Each  procedure  can  be  performed  in 
approximately  two  minutes  and  the  only  equipment 
required  is  the  standard  explosives  solution  and 
wooden  craft  sticks  for  the  Adsorbed  Solids 
Calibration  and  a  simple  alignment  platform  for  the 
Vapor  Calibration.  The  procedures  are  inexpensive  to 
perform  and  cause  minimal  interruption  in  the  normal 
screening  procedures. 
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TABLE  I 


AC::DRBED  solids  CALIBRATION  DATA 
FOR  TWENTY  FIVE  REPETITIVE  TRIAL 


TRIAL  t 

SIGNAL  INTENSITY 
(arbitrary  units) 

EGDN  TNT  RDX 


1 

792 

2 

646 

3 

1156 

4 

1055 

5 

815 

6 

1142 

7 

738 

8 

1210 

9 

1376 

10 

1325 

11 

1437 

12 

1155 

13 

850 

14 

638 

15 

1679 

16 

616 

17 

563 

18 

1555 

19 

808 

20 

939 

21 

975 

22 

1076 

23 

908 

24 

833 

25 

681 

AVG 

999 

STD  DEV 

301 

RSD 

30 

1277 

1040 

699 

600 

1309 

1117 

1357 

1590 

1017 

1007 

104  5 

1059 

735 

674 

1683 

1647 

1376 

1229 

978 

1018 

942 

935 

1210 

1177 

692 

679 

385 

385 

2266 

2186 

553 

864 

310 

330 

1195 

1235 

1230 

1312 

987 

908 

664 

572 

828 

910 

785 

811 

1165 

1279 

338 

440 

1001 

1000 

430 

414 

43 

41 
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TABLE  II 


VAPOR  CALIBRATION  DATA 
FOR  TEN  REPETITIVE  TRIALS 


Trial  #  Signal  Intensity 

(arbitrary  units) 


EGDN 

TNT 

RDX 

1 

1619 

1050 

950 

2 

599 

722 

660 

3 

910 

848 

581 

4 

1303 

704 

663 

5 

840 

1390 

2097 

6 

617 

957 

1176 

7 

951 

933 

1012 

8 

929 

743 

581 

9 

727 

1108 

1214 

10 

1502 

1543 

1056 

AVG 

1000 

1000 

999 

STD  DEV 

358 

283 

455 

RSD 

36 

28 

46 
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VAPOR  DETECTION  USING  SAW  SENSORS 


G.  Watson,  W.  Horton,  and  E.  Staples 
Amerasia  Technology,  Inc. 

2248  Townsgate  Road,  Westlake  Village,  CA  91361 


1.  INTRODUCTION 

There  is  a  need  to  detect  low  concentrations 
(nanogram  to  femtogram  levels)  of  TNT,  DNT,  C4, 
PETN  and  other  explosive  materials.  The 
development  of  SAW  vapor  detectors  has  been 
reported  previously  [Ref.  1-3],  however  none  offer 
high  selectivity,  specificity  or  high  sensitivity. 
Previous  SAW  sensors  have  been  limited  to 
nanogram  sensitivities  because  they  utilize  relatively 
large  area  and  low  Q  SAW  delay  lines  to  detect 
condensing  vapors.  The  need  to  coat  the  entire  path 
of  the  SAW  delay  line  requires  that  considerable 
mass  be  condensed  and  hence  results  in  low 
sensitivity  when  attempting  to  detect  and  classify 
extremely  small  amounts  of  an  unknown  material. 
The  problem  is  compounded  by  the  presence  of  other 
unknown  materials  in  even  larger  concentrations  than 
that  of  the  target  explosive  materials. 

Reported  here  are  SAW  sensors  for  detecting 
explosive  material  vapors  at  picogram  (1  x  10''^  and 
even  femtogram  (lx  10''^)  concentrations,  'fhese 
SAW  sorption  sensors  utilize  a  physical  area  no 
larger  than  the  smallest  quartz  capillary  column.  In 
effect,  the  sensor  is  on  the  head  of  a  pin.  Using  a 
SAW  resonator  structure  operating  at  500  MHz,  a 
nearly  4  order  increase  (10,000)  in  scale  factor  is 
achieved  [Ref.  4]. 

2.  SAW  CHROMATOGRAPHY  SENSOR 

The  sensors  studied  consisted  of  SAW  resonators 
operating  at  500  MHz.  Electrodes  were  photo- 
lithographically  generated  in  aluminum  films  followed 
by  plasma  etching  of  reflective  grooves  at  either  end 
of  the  structure  (Ref.  1).  Typically,  unloaded 
resonator  Q’s  of  10,000  are  achieved. 

In  the  SAW  based  GC  system  the  SAW  resonator 
crystal  is  exposed  to  the  exit  gas  of  a  GC  capillary 
column  by  a  carefully  positioned  and  temperature 
controlled  nozzle  as  shown  in  Figure  1.  When 
condensible  vapors  entrained  in  the  GC  carrier  gas 


impinge  upon  the  active  area  between  the  resonator 
electrodes  (nicknamed  the  sweetspot  of  the  resonator) 
a  frequency  shift  occurs  in  proportion  to  the  mass  of 
material  condensing  on  the  crystal  surface.  The 
frequency  shift  is  dependent  upon  the  mass  and 
elastic  constants  of  the  material  being  deposited,  the 
temperature  of  the  SAW  crystal,  and  the  chemical 
nature  of  the  crystal  surface.  The  narrow  beam  of 
gas  exiting  the  column  has  been  nuqrped  by  traversing 
the  gas  stream  with  a  minute  thermocouple  (Figure 
2).  This  narrow  beam  maintains  its  geontetry  well 
beyond  the  distance  to  the  SAW  surface  which 
assures  that  the  deposition  spot  matches  the 
sweetspot.  The  gas  jet  also  causes  a  localized  heating 
of  the  SAW  surface  due  to  the  hot  carrier  gas,  which 
creates  a  thermal  gradient  within  the  surface  of  the 
SAW  resonator.  The  heating  effects  of  the  carrier  gas 
are  compensated  for  by  the  presence  of  a 
thermoelectric  cooler  placed  immediately  breath  and 
in  thermal  contact  with  the  back  side  of  the  SAW 
crystal. 

The  thermoelectric  cooler  maintains  the  SAW  surface 
at  sufficiently  low  temperatures  to  ensure  >95% 
trapping  efficiency  for  explosive  vapors.  The  surface 
can  be  rejuvenat^  (adsorbed  viqrors  boiled  off)  by 
reversing  the  drive  voltage  polarity  to  the 
thermoelectric  cooler  allowing  it  to  heat  up. 
Currently  temperatures  over  120oC  are  achiev^ 
within  seconds  to  rapidly  return  the  SAW  to  its  initial 
operating  frequency.  Thus  the  temperature  of  the 
SAW  crystal  acts  as  a  control  over  sensor  specificity 
based  upon  the  vapor  pressure  of  the  species  being 
trapped.  This  feature  is  particularly  useful  in 
distinguishing  between  relatively  volatile  materials 
and  "sticky*  explosive  materials  [Ref.  5]. 

Exposing  the  system  to  controlled  vapor 
concentrations  has  allowed  scale  factor  data  to  be 
obtained.  A  vapor  generator  [Ref.  6]  was  used  to 
deliver  controlled  amounts  of  explosive  vapors.  To 
date  the  best  scale  factors  observed  for  the  SAW 
resonator  system  operating  at  500  MHz  when 
exposed  to  TNT  and  RDX  are  as  follows: 
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TNT:  %00  Hz/ng  @  500  MHz 

RDX:  14,460  Hz/ng  @  500  MHz 

When  operating  at  500  MHz  the  noise  floor  of  a 
SAW  resonator  controlled  oscillator  is  typically  1  Hz 
or  better,  hence  the  minimum  detectable  mass  is  104 
and  69  femtograms  for  TNT  and  RDX  respectively. 
The  higher  scale  factor  for  RDX  is  offset  by  its  much 
lower  vapor  pressure  which  reduces  the  amount  of 
actual  material  which  can  be  collected  and  deposited 
onto  the  sensing  crystal. 

Work  with  SAW  crystals  operating  at  near  IGHz 
(1000  MHz)  frequencies  iudicate  that  the  scale  factors 
are  higher  by  at  least  the  ratio  of  the  operating 
frequencies  squared. 

3.  SAW  BASED  GC  SYSTEM 

A  SAW  based  GC  system  for  explosive  materials  has 
been  constructed.  A  primary  design  goal  was  to 
produce  a  system  which  could  screen  ambient  vapors 
for  the  presence  of  explosives  in  underlO  seconds  and 
which  would  be  able  to  operate  with  minimum 
support  equipment  or  electrical  power.  In  addition, 
achieving  other  system  goals  such  as  low  cost  and 
ease  of  manufacture  were  also  important. 

The  current  SAW  based  GC  system  is  schematically 
illustrated  in  Figure  3.  During  the  sample  .sequence 
(A),  vapor  samples  are  drawn  through  the  inlet  from 
a  preconcentrator  (not  shown),  are  pumped  through 
a  6  port  GC  valve  and  pass  through  a  cryo-trap.  The 
cryo-trap  is  a  metal  capillary  which  is  held  at  a  low 
enough  temperature  to  trap  explosive  vapors  while 
allowing  more  volatile  vapors  to  pass  through  to  the 
pumpwhere  they  are  exhausted. 

After  trapping  the  low  vapor  pressure  materials  on 
the  cool  cryo-trap  loop,  the  GC  valve  is  actuated  and 
the  flow  path  containing  the  cryo-trap  loop  is 
connected  in  series  with  another  flow  path  containing 
a  flow  controller,  filter,  GC  column,  SAW  detector, 
and  another  metal  capillary  loop  termed  the 
cryo-focus  (B).  At  this  time  a  short  duration  (<  2 
millisecond)  pulse  of  electrical  current  is  passed 
through  the  cryo-trap  loop  causing  rapid  heating  to 
approximately  200oC.  This  causes  the  vapors 
trapped  to  be  released  and  pass  through  the  GC  valve 
to  the  cryo-focus  loop  where  they  are  again  trapped. 
The  cryo-focus  acts  as  an  on-column  injector  and  is 
directly  attached  to  the  GC  column.  After  transfer  is 
completed,  the  GC  valve  is  reset  to  its  original 


position  and  the  GC  cryo-focus  is  considered  armed 
and  ready  for  on-column  injection. 

On  column  injection  is  achieved  by  another  short 
(<2  milliseconds)  electrical  pulse  of  heating  current 
(C).  An  injection  time  of  less  than  25  milliseconds 
and  >95%  release  of  trapped  vapor  isachieved.  The 
injected  vapors  pass  through  the  GC  column  (J  &  W, 
DB-5)  and  are  separated  in  time  by  normal  column 
operation.  As  the  constituent  vapors  exit  the  column 
they  are  collected  and  selectively  trapped  on  the 
surfaceof  the  SAW  crystal  where  they  cause  a 
frequency  shift  proportional  to  the  amount  of  material 
collected.  To  achieve  ashort  analysis  time  (<10 
seconds),  a  short  1  meter  length  of  DB-5  (0.18  mm 
I.D.)  capillary  column  is  used.  The  column  is 
operated  isothermally  at  a  temperature  of 
approximately  175oC.  A  photograph  of  the  explosive 
detector  system  is  shown  in  Figure  4.  Figure  5 
shows  a  photograph  of  the  SAW  sensor  module 
including  its  oscillator  circuitry. 

4.  EXPERIMENTAL  RESULTS 

The  current  operation  and  timing  of  the  explosive 
detection  system  is  controlledby  a  microprocessor  and 
the  resulting  chromatograms  are  displayed  on  a  color 
monitor.  Software  provides  a  user  friendly  interface 
from  which  all  temperatures  and  timing  sequences 
can  be  selected.  Of  particular  importance  is  control 
over  the  SAW  temperature  which  enables  the  user  to 
control  the  degree  of  specificity  based  upon  the  vapor 
pressure.  By  selecting  a  relatively  low  SAW  detector 
temperature  of  OoC,  most  effluents,  even  volatile 
vapors,  are  trapped  on  the  SAW  crystal  surface. 

Shown  in  Figure  6  and  7  are  typical  computer 
displayed  chromatograms.  Four  areas  of  the  screen 
are  used  to  display  the  SAW  sensor  frequency  vs 
time,  the  derivative  of  frequency  vs  time,  user  notes 
regarding  test  conditions,  and  a  listing  of  detected 
peaks  with  time  and  total  frequency  change  for  each 
peak.  In  addition  system  conditions  such  as  timing 
settings,  gas  flows,  and  column  temperatures  are 
displayed  along  the  bottom  of  the  screen. 

In  Figure  6  a  chromatogram  of  laboratory  air  without 
explosives  is  shown.  The  actual  output  of  the  SAW 
detector  is  displayed  in  the  upper  left  display  area. 
Each  "step"  indicates  the  presence  of  an  eluting 
material  sticking  to  the  SAW  surface.  While  a 
typical  chromatographic  detector  requires  that  the 
output  be  integrated  to  determine  the  peak  area,  the 
SAW  sensor  gives  the  peak  area  directly  and  the 
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signal  must  be  differentiated  to  allow  for  the 
observation  of  "peaks*.  The  presence  of  "system" 
and  "background"  material  peaks  is  normal.In  Figure 
7  a  chromatogram  of  nitrogen  containing  TNT  vapors 
is  displayed.  In  this  case  the  first  five  peaks 
(derivative  of  SAW  sensor  frequency)  are  system 
background  peaks  while  peaks  7  through  10  are  due 
to  the  introductionof  the  sample.  Peak  #8  at  3.2S 
seconds  is  DNT  and  peak  #9  at  5.78  seconds  is  TNT. 
In  this  instance  a  relatively  large  sample  was  injected 
(540  pg)  and  the  11,386  Hz  step  response  for  the 
TNT  peak  at  5.78  seconds  is  shown  inthe  upper  plot 
of  SAW  frequency  vs  time  (integrated  output).  In 
this  chromatogram  the  SAW  temperature  was  SoC 
and  the  flat  line  at  the  base  of  each  step  indicates  that 
the  material  remained  trapped  on  the  SAW  surface. 

Shown  in  Figure  8  is  a  plot  of  system  response  vs 
sample  size  for  TNT.  The  slope  of  the  data  indicates 
a  system  scale  factor  of  6500  Hz  per  nanogram  for 
TNT.  Because  the  transmission  efficiency  of  the 
system  is  not  perfect,  detected  frequency  changes  are 
not  always  as  large  as  might  be  expected  from  sample 
injections  derived  from  calibrated  vapor  generators. 
The  sampling  valve  can  act  as  a  cold  spot  by  holding 
up  the  sample  during  the  transfer  from  the  trap  to  the 
focus.  In  addition,  the  cryo-tiap  and  cryo-focus  do 
not  give  do  not  have  100%  release,  hence  the  scale 
factor  (Hz/nanogram)  for  the  system  is  less  than  that 
of  the  SAW  detector  itself. 

5.  SAW  DESORPTION  CHARACTERISTICS 

The  SAW  GC  detector  operates  as  a  true  integrating 
device  and  as  such  provides  information  on  the 
adsorption  and  desorption  characteristics  of  each 
material  which  exits  from  the  OC  column.  Shown  in 
Figure  9  is  a  series  of  six  chromatograms  showing 
the  direct  and  differentiated  SAW  detector  response 
for  the  case  of  sampling  TNT  headspace  vapors.  The 
presence  of  DNT  at  approximately  4.9  seconds  and 
TNT  at  8.5  seconds  is  clearly  shown  in  each 
chronutogram.  Of  note  is  the  slope  of  the  integration 
line  immediately  following  each  step  in  the  upper 
curves.  If  the  material  desorbs  from  the  SAW  crystal 
surface,  the  rate  of  desorption  is  the  slope  of  the 
integration  line.  It  is  clear  from  Figure  9  that  DNT 
desorbs  more  rapidly  from  the  SAW  sur-face  at  any 
given  temperature  than  TNT. 

The  desorption  information  is  more  clearly  displayed 
in  the  expanded  series  of  chronutograms  shown  in 
Figure  10.  Here  the  time  scale  is  lengthened  and  the 
negative  portion  of  the  derivative  expanded  so  that 


the  desorption  characteristics  are  clearly  shown  as  a 
function  of  SAW  substrate  ten^>mature.  The 
deposited  material  causes  an  initial  sharp  drop  in  the 
SAW  frequency  followed  by  a  somewhat  linear  return 
to  the  original  SAW  frequency  as  the  material 
desorbs  from  the  surffue  of  the  crystal.  The 
derivative  measurements  indicate  that  the  sl(^  of  the 
desorption  curve  is  nearly  constant  until  the  material 
is  tot^ly  desorbed  from  the  SAW  crystal  surface. 

Desorption  characteristics  for  all  materials  are  not  the 
same.  Plotting  the  information  contained  in  Figures 
9  and  10  as  the  logarithm  of  the  desorption  slope  vs 
the  reciprocal  of  temperature  in  degrees  Kelvin 
results  in  the  plot  shown  in  Figure  11.  The  curves 
follow  straight  lines  which  implies,  not  surprisingly, 
that  the  desorption  rate  is  also  a  measure  of  the  vapor 
pressure.  No  attempt  has  been  made  to  relate  the 
equilibrium  vapor  pressure  to  the  rate  of  desorption 
in  this  work.  This  data  can  be  used,  however,  to 
determine  at  what  temperature  and  for  how  long  the 
SAW  should  be  heated  to  renoove  a  sanqile  of 
explosive  vapor  during  the  heating  of  the 
thermoelectric  cooler.  It  is  of  interest  to  note  that  the 
slopes  or  activation  energies  for  DNT  and  TNTare 
not  the  same. 

6.  CONCLUSIONS 

The  performance  of  a  high  speed  SAW  based  gas 
chromatography  system  for  the  detection  of  explosive 
materials  has  b^  demonstrated.  The  current  system 
is  able  to  perform  a  complete  analysis  in  10  to  IS 
seconds.  The  SAW  sensor  is  an  integrating  OC 
detector  with  selectivity  resulting  from  the 
surfaceadsorption  and  desorption  characteristics  of 
explosive  materials.  Desorption  also  allows  the  SAW 
sensor  to  be  easily  cleaned  in-situ  and  this  allows  the 
integrating  detector  to  operate  for  extended  periods 
without  replacement.  Specificity  to  explosive 
materials  is  enhanced  by  controlling  the 
sorption/desorption  characteristics  of  the  SAW  crystal 
surface. 

The  detection  of  explosive  material  vapors  at 
femtogram  levels  is  possible  usingsurface  acoustic 
wave  sensors.  Scale  factors  of  20,000  Hz/ng  and 
above  can  be  achieved  by  using  very  high  frequency 
SAW  resonators  and  by  confining  the  depositions  to 
only  the  active  area  of  resonators.  The  physical  size 
of  theSAW  detector  is  well  matched  to  si^l  diameter 
OC  capillary  columns  and  results  in  a  very  small 
dead  volume  GC  detector. 
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In  Older  to  successfully  apply  SAW  sensing 
technology,  a  full  understanding  of  the  many  physical 
and  chemical  principles  uiiich  are  involved  is 
necessary.  Besides  detecting  explosives  there  are 
many  oUier  applications  which  may  benefit  from  the 
use  of  this  new  sensor  technology.  Beyond  achieving 
high  sensitivity  there  is  always  a  need  for  higher 
specificity.  Future  advances  are  certainly  possible 
using  material  specific  chemical  coatings  applied  to 
the  SAW  GC  debtor. 
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REFLECTORS 


Figure  1- 


Surface  acoustic  wave  (SAW)  resonator  gas  chromatography  (GC)  sensor. 
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Figure  2.  Temperature  distribution  resulting  from  carrier  gas  exiting  capillary  column. 
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Figure  3-  System  diagram  showing  sampling  valve,  oyotrap,  oyofocus  and  the  major  ele¬ 
ments  of  the  SAW  based  GC  detection  system.  The  sample  sequence  is  shown 
in  ( A),  the  tr^insfer  sequence  in  (B),  and  the  inject  sequence  in  (C). 
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Figure  7-  Computer  generated  chromatogram  showing  analysis  of  TNT  prills. 
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Figure  8-  System  response  vs  sample  size  for  TNT. 


EifiurLS-  Six  chromatograms  of  TNT  Prills  showing  the  effect  of  different  SAW  crystal 
temperature. 
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Eigurg  10-  Six  chromatograms  of  TNT  Prills  showing  the  the  effects  of  SAW  crystal  tem¬ 
perature  upon  desorption. 
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DESORPTION  vs  SAW  TEMPERATURE 


Figure  11-  Plot  showing  logarithm  of  desorption  rate  vs  reciprocal  of  temperature  (^K). 
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1.  INTRODUCTION 

The  infrared  part  of  the  electromagnetic  spectrum 
extends  from  10,000  to  5  cm  '.  This  broad  spectral 
range  is  further  classified  into  the  near-IR  (10,000- 
5000  cm  ')  mid-IR  (5000-200  cm  ')  and  the  far-IR 
(200-5  cm  ').  It  is  the  interaction  of  this  radiation 
with  matter  which  is  responsible  for  exciting 
vibrational  transitions.  In  the  near-IR,  harmonics  and 
combination  transitions  are  typically  observed,  while 
in  the  far-IR,  phonons  in  crystals,  and  rotational 
transitions  in  the  gas  phase  are  commonly  observed. 
In  the  mid-IR,  transitions  associated  with  fundamental 
molecular  vibrations  may  be  measured  and  is  often 
referred  to  as  the  fingerprint  region.  It  is  this  part  of 
the  spectrum  which  is  of  interest  with  regard  to 
explosive  materials.  In  particular,  since  many 
explosives  have  the  -NOj  group  in  common, 
absorptions  due  to  this  group  serve  as  signature  in  the 
infrared  spectra  of  explosives. 

The  energy  levels  of  a  harmonic  oscillator  are 
given  by 


where  v  is  the  vibrational  quantum  number  and  h  is 
Planck’s  constant.  The  classical  frequency  is  related 
to  the  force  constant,  k  and  the  reduced  mass  /i  by 


A  molecular  vibration  is  said  to  be  active  in  the 


infrared  if  the  displacements  of  the  nuclei  involved  in 
the  vibration  produce  a  change  in  the  dipole  moment, 
the  transition  moment  is  given  by 


where  p  is  the  dipole  moment,  X  is  an  internal 
coordinate,  and  the  ^'s  are  the  vibrational 
wavefunctions  for  the  lower  and  upper  states  in  the 
transition.  At  this  point,  it  is  worthwhile  to  mention 
that  the  absorptions  corresponding  to  the  -NOj  group 
vibrations,  besides  having  well  defined  group 
frequencies,  are  the  strongest  in  the  infrared  spectra 
of  explosives.  Because  of  the  common  presence  of 
the  -NO;  group  in  explosive  materials,  its  group 
frequencies,  large  oscillator  strengths,  and  its 
chemical  reactivity,  it  is  very  useful  to  investigate  by 
infrared  spectroscopy  the  interaction  of  this  functional 
group  with  preconcentrator  materials.  Consequently, 
we  present  here,  in  some  detail  the  infrared  spectra 
of  explosives  measured  using  selected  sampling 
techniques,  and  in  some  cases  describe  the  interaction 
of  explosives  with  metal  oxide  substrates  in  which 
they  are  adsorbed. 

2.  EXPERIMENTAL 

The  typical  instrument  [Griffiths)  used  in  modem 
infrared  .spectroscopy  is  a  Fourier  transform  infrared 
(FTIR)  spectrometer.  The  instrument  used  in  the 
studies  descibed  here  has  a  resolution  of  0.02  cm  ' 
and  a  .specrtral  range  of  5000  to  S  cm  '.  The  signal  to 
noise  factor  in  a  typical  spectrum  is  controlled  by  the 
number  of  scans  selected  for  that  given  mea.surement. 
In  must  ca.ses  single  beam  or  raw  spectra  of  a 
reference  material  are  recorded  and  ratioed  with  the 
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raw  spectium  of  the  sample  to  produce 
transmittance,  reflectance,  or  diffuse  reflectance 
spectra  depending  on  the  8anq>Iing  technique 
employed. 

2.1  Transmission  and  Absorption 

Transmission  or  absorption  measurements  of  solids 
are  usually  made  by  mixing  the  material  of  interest 
with  a  matrix  material,  such  as  KBr,  which  is 
transparent  in  the  mid-IR.  The  KBr  and  sample 
mixtures  are  then  pressed  into  solid  pellets  under  the 
pressure  of  a  hydraulic  press.  The  seif  supporting 
pellets  may  then  be  introduced  into  the  spectrometer 
for  analysis.  The  raw  spectium  of  the  pellet  is  ratioed 
with  the  raw  spectrum  of  an  undoped  KBr  pellet  to 
give  a  transmission  spectrum.  For  far-IR 
measurements,  a  support  matrix  of  high  density 
polyethylene  is  used  instead  of  an  alkali  halide  and  is 
heated  under  pressure  to  form  a  low  scattering  pellet. 

2.2  Attenuated  Total  Reflectance  [Harrick] 

In  this  technique,  a  transparent,  high  refractive  index 
material  (KRS-S,  Ge,  ZnSe)  is  used  as  an  internal 
reflection  element.  Radiation  incident  on  the 
reflection  element  undergoes  total  internal  reflection. 
When  a  sample  is  placed  in  contact  with  the 
reflection  element,  the  radiation  penetrates  a  finite 
depth  into  the  sample  which  absorbs  some  of  the 
radiation.  The  penetration  depth,  d^  depends  on  the 
refractive  indices  of  the  sample,  nj,  and  the  reflection 
element,  n,,  the  extinction  coefficient  of  the  sample, 
k|,  the  angle  of  incidence,  d,  and  the  wavelength,  X 
and  is  given  by 


'  2 


where 


Inflection  of  the  equation  for  peoetratiaii  depdi 
reveals  thai  the  concentration  profile  of  an  analyte 
dispersed  in  a  subtrate  may  be  studied  by  varying  die 
angle  of  incidence.  This  type  of  measurement  should 
be  useful  for  determining  difiusimi  rates  of  an 
explosive  concealed  in  packing  materials  such  as 
saran.  Some  preliminary  results  of  this  type  of 
measurement  are  presented  in  Section  3. 

Attenuated  total  reflectance  is  also  very  well  suited 
for  pliable  materials  like  DETA*sheet,  semtex  and  C4 
which  do  not  mix  well  with  KBr  powder  to  form  a 
pellet.  All  that  is  required  is  to  bring  the  sample  in 
contact  with  the  reflection  element  to  withk  the 
penetration  depth  of  the  light  and  the  fiectrum  may 
be  measured.  Also,  reflection  elements  may  be  coated 
with  thin  fUms  (10-100  A)  and  adsorption  of 
explosives  on  these  films  may  be  investigate. 

2.3  Difflise  Reflectance  [a.  lUler,  b.  Buif cr] 

When  radiation  strikes  the  surftce  of  a  solid,  two 
types  of  reflection  may  ocourr.  Front  surface  or 
specular  reflection,  where  the  angle  of  incidence 
equals  the  angle  of  reflection,  is  moat  common  and 
diffuse  reflectance  where  a  solid  angle  of  is 
reflected  from  the  suiftce.  Diffuse  reflectance  ocuis 
when  the  reflection  is  from  a  matte  surftce  or  a 
powder.  In  diffuse  reflectance,  radiation  pasaea  into 
the  bulk  of  the  sample  and  undergoes  reflection, 
refraction,  scattering  and  abeorptioo  befbce  re- 
emerging  from  the  surftee.  Ktdidka  and  Monk 
developed  a  theory  for  diffuse  reflectance  in  s^ticfa 
they  reletee  function  R,  to  enaheorptioa  coefficient, 
k,  and  e  ecattefing  coeffkknt,  a,  in  Iht  following 
way 


where  R,  ia  the  ratio  the  diffoee  nflectsnoa  from 
eaempfo  to  that  of  enon^dwotbiafreleranoe  powder 
which  ie  inflaitely  deep  ooaapeied  to  the  penetretion 
depth  of  (he  ndietion. 


and 
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The  absoiptivity,  a,  and  concentration,  c,  are  related 
to  the  absorption  coefficient  by 

k’‘2.303ac 


Then, 

s 


This  shows  that  the  concentiation  varies  linearly  with 
the  diffuse  reflectance  and  can  be  used  in  quantitative 
applications. 

We  have  used  metal  oxides  as  substrates  in  diffuse 
reflectance  studies  to  monitor  adsorption  and 
desorption  kinetics  of  EGDN  on  their  surfaces.  Tliis 
allowed  for  a  direct  in  situ  measurement  of  the 
interaction  of  the  explosive  with  the  surface. 
Materials  other  than  metal  oxides  could  be  used  as 
substrates  for  adsorption/desorption  studies  and  any 
materials  which  are  potential  candidates  for 
preconcentrators  could  be  studied  using  this 
technique. 

2.4  Reflection'Absorptioii  (Hayden] 

Reflection-absorption  infrared  spectroscopy, 
(RAIRS),  which  is  used  for  investigating  molecules 
adsorbed  on  a  metallic  surface,  is  based  on  the 
surface  selection  rule  which  states  that  only  molecular 
vibrations  with  a  finite  component  of  thdr  dynamic 
dipole  perpendicular  to  the  surface  on  which  t^y  are 
adsorb^  are  observable.  This  arises  from  the  (act 
that  at  gnutiog  (-85*)  incidence  only  the  p- 
component  of  the  incident  radiation  can  interact  with 
the  adsorbed  molecule.  A  variety  of  metal  substnoes 
(Cr,  Cu,  Au,  A|,  Fe,  Ti,  Ta,  Ni,  W,  etc)  may  be 
used  in  these  measurements,  as  well  as  alloys  or 
other  metal  compositions  which  are  used  ms 
preconcenirator  elements.  Temperature  controlled 
measurements  are  also  possible  and  could  be  used  to 
investigate  adsorption  and  desorption  phenomena  of 
explosives  on  m^  surfaces  as  w«ll  as  surfue  phase 
(ransitioos, 

3.  RESULTS  AND  DISCUSSION 
3.1  Absoipdoa 

Figure  I  shows  the  abaoiptioo  spectra  of  several 


explosives.  The  most  two  intense  absorptions  near 
1250  and  1650  cm  '  may  be  assigned  to  the 
symmetric  and  antisymmetric  NOj  stretching 
vibrations.  Their  frequencies  are  listed  in  Table  1. 
Inspection  of  the  table  shows  that  the  frequencies  can 
be  grouped  into  two  classes,  those  belonging  to 
nitrate-esters  like  EGDN,  PETN  and  those  belonging 
to  nitro  groups.  Since  absorption  spectra  are 
generally  free  of  artifacts,  they  serve  as  a  data  base 
for  interpreting  more  complex  IR  measurements 
which  are  important  for  explosive  vapor 
investigations. 

3.2  Attenuated  Total  Reflection 

In  this  section,  the  application  of  the  attenuated  total 
reflectance  technique  to  monitor  the  diffusion  of 
DETA-sheet  and  Semtex  in  commercially  obtained 
saran  (12  fim  thick)  is  discussed. 

All  our  measurements  were  made  with  a  Harrick 
ATR  accessory  equipped  with  a  germanium  reflection 
element  adjusted  to  an  angle  of  incidence  of  45°. 
Reference  spectra  of  a  clean  germanium  prism  were 
recorded  by  coadding  200  interferograms  in  a  Bomem 
MB  1 00  IR  spectrometer,  Sample  spectra  consisted  of 
two  types:  saran  and  saran  backed  by  a  sheet  of 
explosive.  The  sample  spectra  were  ratioed  with  the 
reference  spectra  to  give  absorbance.  Difference 
spectra  were  obtained  by  subtracting  the  spectra  of 
tl^  saran  from  the  saran  plus  explosive.  Detection  of 
absorption  features  due  to  explt^ves  would  confirm 
that  the  explosive  had  diffused  through  the  saran 
film.  Such  absorptions  were  observed  for  Semtex  and 
are  shown  in  Figure  2.  This  spectrum  was  measured 
30  days  after  Semtex  was  placed  in  contact  with 
saran,  Also  shown  in  the  figure  are  the  spectra  of 
saran  and  the  difference  spectra.  Four  bands  appear 
in  this  spectrum  which  are  attributed  to  diffused 
semtex  and  are  indicated  by  the  vertical  lines.  Several 
other  bands  are  observed  which  are  due  to  saran 
which  were  not  fully  compensated  in  the  t^rectral 
subtraction. 

Figure  3  shows  the  spectra  PETN,  DETA-sheet, 
saran -f  DETA-sheet  and  saran.  In  this  experiment, 
DETA-sheet  wk  placed  in  contact  with  saran  for  15 
days  and  the  iqtecirum  was  recorded.  Absorptions 
appear  in  the  trace  for  saran  -fDETA-^dieet  near  1 150 
and  1250  cm'*.  These  absorptions  do  not  belong  to 
PETN,  but  correspond  to  the  elastomer  material 
supporting  PETN  in  DETA  sheet.  These  results 
indicate  that  diffusion  of  the  elastomer  in  DETA- 
sheet  occurs  before  that  of  PETN.  It  is  therefore 
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likely  that  efforts  to  detect  samples  of  DETA  sheet 
concealed  in  saran  or  another  polymeric  material  will 
result  in  strong  interferences  from  the  elastomer. 

3.3  Diffuse  reflectance 

Diffuse  reflectance  was  used  to  follow  the  adsorption 
and  desorption  of  ethyleneglycol  dinitrate  (EGDN) 
adsorbed  on  zinc  oxide  powder  as  a  function  of 
dosing  time.  Inhomogeneous  broadening  of  the  NQi 
antisymmetric  stretching  band  was  found  to  be  dose 
dependent.  Through  non-linear  curve-fitting 
techniques  [Morgan]  the  sum  of  three  component 
bands  were  found  to  reproduce  the  inhomogeneously 
broadened  envelope  and  are  attributed  to  three  types 
of  adsorbed  EGDN.  The  adsorbed  EGDN  species 
were  characterized  in  terms  of  their  absorption 
kinetics. 

The  diffuse  reflectance  studies  weie  performed  using 
a  Harrick  high  vacuum  accessory  fitted  into  a  Bomem 
DA3.02  spectrometer.  This  accessory  was  equipped 
with  ZnSe  windows  and  a  thermocouple  positioned  at 
the  base  of  the  sampling  pedestal.  Gas  inlets  and 
outlets  were  cocmected  to  the  body  of  the  celt  for 
dosing  the  substrate  with  EGDN  vapor.  Single  beam 
spectra  of  the  clean  2ja.O  were  recorded  and  used  as 
a  reference  for  subsequent  measurements.  The  ZnO 
substrate  was  dosed  with  EGDN  for  periods  up  to  22 
minutes.  Single  beam  spectra  of  dosed  ZnO  were 
recorded  as  a  function  of  dosing  time  and  ratioed 
with  the  spectra  of  the  clean  ZnO  to  give 
transmittance  spectra.  The  transmittance  spectra  were 
transformed  to  diffuse  reflectance  spectra  through  the 
Kubelka*Munk  equation. 

Representative  spectra  of  EQDN  adsorbed  on  ZnO 
for  different  doaiDg  timea  are  shown  in  Figure  4  in 
the  region  of  the  antisymmetric  NO^  stretching 
vibration.  For  low  doses  (3  and  4  minutes),  the  band 
contour  it  syounetric,  indicating  the  molecule  is 
adsorbed  on  one  site.  At  higher  doset,  new  features 
appear  on  the  high  and  low  frequency  aides  indicating 
(he  presence  of  two  other  adsorption  sites  occupied 
by  EGDN.  These  featurea  have  been  resolved  using 
non-linear  curve-fitting  techniques.  Typical  curve  fits 
for  dosing  tiroes  of  3  and  13  minutes  are  shown  in 
Figure  S.  Similar  results  were  obtained  for  the  other 
doting  times  ond  plots  of  the  band  area  vs.  the  dosing 
time  are  shown  in  Figure  6,  Prom  the  plots  shown  in 
(he  figure,  it  is  clear  that  (here  are  three  different 
rates  of  adsorption  of  EGDN,  corresponding  to  three 
site.H'  where  EGON  is  adsorbed  on  the  ZnO  surface. 
These  rates  correspond  to  different  enthalpies  of 


adsorption  and  should  therefore  reflect  the 
performance  of  this  material  as  a  potential 
preconcentrator.  Further  information  was  obtained 
from  the  desorption  studies  which  were  carried  out  at 
40°  C  and  are  shown  in  Figure  7.  These  spectra  show 
not  only  a  decrease  in  the  intensities  of  the  absorption 
due  to  antisymmetric  NO;  stretching  band,  but  the 
appearance  of  new  bands  near  1575  and  1610  cm'', 
llie  appearance  of  the  new  bands  must  be  due  to 
decomposition  of  EGDN  on  the  !ZnO  suriwe.  The 
desorption  curves  are  shown  in  Figure  8.  It  is  clear 
from  these  plots  that  there  are  three  rates  of 
desorption,  the  roost  populated  site  having  the  fastest. 

The  kinetic  information  obtained  from  these  studies 
and  future  investigations  on  precoocentrator  elements 
should  provide  a  basis  for  characterizing 
preconcentrators  and  add  to  the  fundamental 
knowledge  required  for  understanding  the 
physicochemical  interactions  of  an  explosive  with  a 
preconcentrator  or  other  surfaces  of  interest, 

4.  CONCLUSIONS 

Fourier  spectroscopy  is  a  valuable  analytical  too!  for 
characterizing  explosives.  Moreover,  the  surface 
techniques  of  diffuse  reflectance,  attenuated  total 
reflectance,  and  reflection-absorption  provide  means 
of  studying  explosive-preconcentrator  interactions.  An 
understanding  of  explosive-surface  interactions  will 
provide  essential  criteria  for  the  development  of 
useful  preconcentrators. 
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Table  1,  Symnietric  and  Antisymmetric  NO,  Stretching  Frequencies  for  Selected  Explosives. 


EXPLOSIVE 

ANTISYMMETRIC  NOj 
STRETCH  (cm  ') 

SYMMETRIC  NOj 
STRETCH  (cm  ') 

!  GDN  (V) 

1678 

1281 

EGDN  (1) 

1668 

1279 

p-NITROTOLUENE 

1511 

1351 

m-DINITROBENZENE 

1544 

1352 

TNT 

1537 

1353 

PETN 

1653 

1285 

RDX 

1596 

1267 

SEMTEX 

1656,  1644, 

1594.  1573 

1271 
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WAVENUMBERS  (cm  ’) 


Ftguri!  3.  Atteouated  tola!  reflecUoce  of  PETN^  DeUi  idieet,  sanm,  and  saran  backed  by  a  layer  of  Deta  sheet. 
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MASS  AND  ION 
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1.  INTRODUCTION 

There  are  two  types  of  explosives  chemical  detectors: 
bulk  (condensed  phase)  and  vapor  (gas  phase) 
detectors.  A  bulk  explosive  detector  identifies 
explosives  by  bombarding  the  suspicious  material 
with  radiation  such  as  X-rays,  gamma  rays,  neutrons, 
or  beta  particles  (electrons),  and  analyzes  the 
reflection,  diffraction,  and/or  absorption  of  the 
radiation  by  the  explosive  material.  Vapor  detectors, 
on  the  other  hand,  identify  an  explosive  by 
chemically  analyzing  its  vapor  molecules. 

For  the  detection  of  explosive  vapors,  several 
proposed  technologies  involving  electron  capture 
(ECD),  nitrogen-phosphorus  (NPD),  chemi¬ 
luminescence  (CD),  ion  mobility  (IMD),  and  mass 
spectrometry  (MS)  have  been  evaluated  (Nyden, 
1990).  In  the  ECD,  a  radioactive  foil  generates  beta 
particles  or  electrons.  The  electrons  are  captured  by 
the  explosive,  which  must  have  a  high  affinity  for 
electrons.  The  capture  of  electrons  results  in  a 
measurable  loss  of  current.  In  the  NPD,  a  thermal 
source  is  used  to  remove  electrons  from  nitrogen  or 
phosphorus  atoms  in  the  explosive.  The  current 
produced  is  proportional  to  the  number  of  nitrogen 
and  phosphorus  atoms  present.  In  the  CD,  nitro 
groups  are  converted  to  nitric  oxide.  The  nitric  oxide 
reacts  with  ozone  to  form  nitrogen  dioxide.  Energy 
liberated  in  this  reaction  is  given  off  as  light,  which 
is  measured  by  a  photomultiplier. 

The  atmospheric  pressure  ionization  (API)  source  is 
used  in  both  IMD  and  MS.  The  API  source  uses 
either  a  corona  discharge  or  a  ‘^Ni  /3-source,  which 
emits  electrons.  An  air  sample  containing  the  vapor 
of  the  substance  to  be  analyzed  is  drawn  into  the  ion 
source.  Ionization  is  initiated  by  the  production  of 
ions  of  the  most  abundant  species,  in  this  case, 
nitrogen  gas  in  the  air.  These  ions  become  involved 
in  a  series  of  ion  reactions.  Eventually,  so-called 


reactive  ions  are  formed.  The  reactive  ions,  as  they 
come  in  contact  with  the  molecules  in  the  sanq)le, 
impart  a  charge  to  them,  creating  ions.  In  an  IMD, 
the  explosive  vapor  ions  are  separated  by  their 
mobility  in  an  electric  field.  A  mass  spectrometer 
separates  and  distinguishes  the  explosive  vapor  ions 
by  their  mass-to-charge  ratios. 

The  ECD  and  the  NPD  do  not  exhibit  a  high  degree 
of  selectivity.  As  a  result,  they  arc  usually  coupled 
with  gas  chromatographs,  which  separate  the 
components  of  the  sample.  A  chromatograph, 
however,  can  take  from  30  seconds  to  several 
minutes  to  process  a  sample.  An  IMD  is  more 
selective  (but  less  sensitive)  than  a  stand  alone  ECD 
or  NPD.  Therefore,  IMD  vapor  detectors  are  often 
used  without  chromatogn4>hy.  A  mass  spectrometer 
is,  on  the  other  hand,  inherently  both  very  sensitive 
and  very  selective. 

Analyses  by  gas  chromatography  have  revealed  the 
presence  of  many  different  compounds  in  samples  of 
common  explosive  materials.  These  include  nitro- 
organic  compounds,  nitrate  salts,  and  flanunable 
liquids  (which  are  frequently  used  as  explosive 
fillers).  The  commercial  ECD,  CD,  NPD,  and  IMD 
vapor  detectors  can  only  detect  a  limited  range  of 
nitro-organic  compounds.  They  are  not  sensitive  or 
versatile  enough  to  detect  the  very  low  vapor  pressure 
nitro-organic  explosives  and  explosive  components 
that  do  not  contain  nitro-organic  groups.  For 
example,  one  commonly  used  ECD  is  programmed  to 
detect  only  three  explosive  compounds  (Nyden, 
1990).  In  comparison,  a  mass  spectrometer  can  be 
used  to  detect  a  wide  range  of  organic  compounds. 

A  detector  must  be  used  correctly  to  be  effective. 
All  else  being  equal,  easy-to-use  detectors  clearly 
have  an  advantage  over  complicated  instruments. 
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Looking  for  explosives  can  be  a  stressful  activity,  and 
operators  should  not  have  to  be  burdened  with 
complicated  and/or  ten^ramental  instruments. 

In  this  study  we  report  a  high-sensitivity,  easy-to-use 
chemical  analyzer  for  the  detection  of  trace  volatile 
explosive  chemicals  in  ambient  air,  based  on  a  time- 
of-flight  mass  spectrometer  (TOFMS)  with  an  API 
source.  Because  of  its  unique  design,  it  is  much 
more  sensitive  than  other  mass  spectrometers; 
subfemtogram  ( <  10''^g)  detection  limits  are  possible. 
As  with  other  mass  spectrometers,  the  TOFMS 
separates  ions  according  to  their  mass-to-charge  ratio 
and  thus  gives  the  best  selectivity  among  all  other 
non-MS  based  detectors.  The  ultrahigh  sensitivity 
obtained  in  TOFMS  precludes  the  use  of  a 
preconcentration  stage.  The  mass  resolution  is 
approximately  SOO.  Simultaneous  analyses  for  up  to 
16  compounds  can  be  accomplished  within  200 
microseconds. 

2.  EXPERIMENTAL 

2.1  Description  of  the  Instrument 

In  operation,  air  containing  the  substance  to  be 
analyzed  is  drawn  into  the  atmospheric  pressure  ion 
source,  where  a  corona  discharge  ionizes  the 
molecules  at  ambient  pressure.  The  ions  are 
adiabatically  expanded  into  a  vacuum  chamber 
through  an  oritice,  forming  a  supersonic  beam 
perpendicular  to  the  direction  of  acceleration.  The 
internal  and  kinetic  energies  of  the  ions  in  the  beam 
are  equalized  through  numerous  two-body  collisions. 
Ions  are  pulsed  horn  the  supersonic  ion  beam  into  a 
perpendicular  field-free  drift  tube.  Since  ail  ions 
receive  the  same  energy  from  the  pulse,  the  specific 
ions  in  each  pulse  travel  the  length  of  the  drift  tube 
at  velocities  dependent  on  their  masses.  To  a  first 
approximation,  the  arrival  time  of  an  ion  at  the 
detector  is  proportional  to  the  square  root  of  its 
molecular  weight.  The  instrument  is  equipped  with 
a  data  acquisition  system  that  monitors  up  to  16 
masses  simultaneously. 

A  schematic  diagram  of  the  API  TOFMS  system  is 
shown  in  Figure  1.  The  vacuum  chamber  is  divided 
into  two  compartments  by  a  skimmer.  The  chamber 
is  differentially  pumped  by  a  rotary  pump  and  a  He- 
cooied  cryogenic  pump.  The  ion  source  is  a  corona 
discharge  needle,  which  is  placed  in  front  of  an 
orifice  called  the  nozzle.  The  nozzle  separates  the 
vacuum  from  the  ion  source  which  is  at  one 
atmosphere.  The  nozzle  and  skimmer  lead  to 


pressures  of  0.5  torr  and  2  x  lO"^  torr  in  the  first  and 
second  compartments,  respectively.  The  nozzle  is 
insulated  from  the  source  housing  so  a  voltage  can  be 
applied  for  ion  focusing.  The  flight  tube  is  housed  in 
the  second  vacuum  compartment  perpendicular  to  the 
nozzle/skimmer  axis.  A  repeller  plate  is  positioned 
below  the  nozzle/skimmer  axis.  A  grounded  focus 
grid  at  the  bottom  of  a  cylindrical  enclosure  is 
suspended  above  the  nozzle/skimmer  axis.  Inside  this 
enclosure,  a  metal  tube  with  a  second  grid  is 
positioned.  This  second  grid  is  located  above  the 
focus  grid.  The  metal  tube  (drift  tube)  is  SO  cm 
long.  A  final  grid  is  placed  at  the  end  of  the  drift 
tube.  The  repeller  plate,  the  focus  grid,  and  the 
second  grid  are  electrically  insulated  from  one 
another.  The  aiea  bound  by  the  second  grid,  the  drift 
tube,  and  the  final  grid  form  the  field-free  drift 
region.  The  electric  pulse  applied  to  the  repeller 
plate  is  provided  by  a  300-V  fast  pulse  generator. 
The  rise  time  is  3  ns  for  a  300-V  pulse.  The  pulse 
width  is  2  /xs.  The  discharge  current  can  be 
regulated  between  0  and  25  /tA.  A  dual 
microchannel  plate  detector  is  used  to  detect  ions  as 
they  exit  the  flight  tube. 

The  ions  produced  in  the  ion  source  expand 
supersonically  into  the  first  vacuum  compartment 
through  the  nozzle,  A  small  voltage  (10-150  V)  is 
applied  to  the  nozzle  to  focus  the  ions  toward  and 
through  the  skimmer.  The  supersonic  ion  beam 
expands  into  the  acceleration  region  between  the 
repeller  plate  and  the  focus  grid.  The  repeller  plate 
is  at  ground  potential  before  the  pulse.  During  the 
pulse,  ions  are  repelled  upward  past  the  focus  grid. 
They  then  experience  a  pull  from  the  second  grid 
which  is  used  to  separate  the  field-free  region  ftom 
the  ground  potential  on  the  focus  grid.  The  second 
grid  and  the  drift  region  are  set  at  approximately  - 
2000  V.  After  passing  the  second  grid,  the  ions  enter 
the  field-free  drift  region.  The  use  of  a  double 
acceleration  arrangement  before  the  field-free  region 
minimizes  peak  broadening  caused  by  the  finite  width 
of  the  ion  jet.  The  ions  exit  the  field-free  region 
through  the  final  grid  at  the  end  of  the  flight  tube  and 
are  accelerated  toward  the  microchannel  plate 
detector. 

2.2  Measurement  of  Sensitivity  and  Detection 

Samples  were  introduced  into  the  ion  source  of  the 
mass  spectrometer  by  two  different  methods.  The 
first  approach  was  to  place  one  gram  of  TNT  into  a 
balloon  and  fill  the  balloon  with  dry  (99.999%) 
nitrogen  gas.  The  TNT  was  allowed  to  equilibrate 
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for  24  h  at  25*’C.  After  the  24-h  period  it  was 
assumed  that  the  gas  within  the  balloon  was  saturated 
with  TNT  vapor.  One  of  two  different  internal 
diameter  stainless  steel  capillaries  was  inserted  into 
the  balloon.  The  diameters  of  the  capillaries 
controlled  the  flows  to  100  mL  min'*  and  400  mL 
min'*.  The  exit  end  of  the  capillary  was  positioned 
one  cm  from  the  discharge  electrode  in  the  API 
source.  This  arrangement  is  illustrated  in  Figure  2. 
Spectra  were  recorded  using  a  LeCroy  9410  digital 
storage  oscilloscope.  All  spectra  were  recorded  as 
single,  nonaveraged  scans,  plotted  using  an  HP  7470 
plotter.  The  spectra  in  Figure  3  show  typical  results 
obtained  at  two  flow  rates.  These  spectra  correspond 
to  136  and  34  fg  of  TNT  per  scan,  respectively. 

The  second  method  of  sample  introduction  used  a 
thermal  and  pnuematic  nebulizer  as  shown  in  Figure 
4.  The  nebulizer  was  constructed  from  a  stainless 
steel  capillary  which  was  heated  to  200**C  at  the  exit 
end  by  a  SO-W  heater.  The  other  end  was  connected 
to  a  tee.  Dry  nitrogen  gas  was  introduced  into  the 
tee  perpendicular  to  the  stainless  steel  capillary.  A 
70-/(m  i.d.  fused-silica  capillary  was  inserted  into  the 
opposite  side  of  the  tee  and  through  the  entire  length 
of  the  stainless  steel  capillary.  The  exit  end  of  Che 
fused-silica  capillary  extended  O.S  mm  past  the  end  of 
the  stainless  steel  capillary.  The  front  end  of  the 
capillary  was  connected  to  a  1-pL  loop  iiyector.  A 
syringe  pump  was  used  to  deliver  acetone  to  the 
ipjector  at  a  flow  rate  of  2  mL  min  '.  Standard 
solutions  of  TNT  in  acetone  were  iiyected  into  the 
acetone  stream  and  single-shot  q>eclra  \vere  collected 
using  the  digital  storage  oscilloscope. 

3.  RESULTS  AND  DISCUSSION 

3.1  AtnuMpherk  Pressure  Ionization 

Atmospheric  pressure  ionization  (essentially 
atmospheric  pressure  chemical  ionisation.  Cl)  is 
operated  with  the  source  chamber  at  atmospheric 
pressure.  The  API  source  uses  either  a  *’Ni  /3-source 
that  emits  electrons  in  the  energy  range  of  several 
KeV,  or  a  trorona  discharge.  An  API  source 
produces  tons  through  ion-molecule  reactions  (Carroll 
et  al.,  1981;  Good  ei  al..  1970;  Kebarte  ana  Hogg. 
1965;  Shahin,  1966);  Siegel  and  File,  1976^.  As  iu 
Cl,  ionization  is  initiated  by  the  production  of  ions  of 
the  most  abundant  species,  in  this  case,  nitrogen  gas. 
Eventually,  as  shown  below,  water  cluster  ions  ate 
formed: 


Nj  +  e*  N2'*’  +  2e' 

Nj  +  2Nj-»N4+  +  Nj 

N4+  +  HjO  -»  H2O+  +  2N2 

H2O+  +  H2O  -►  HjO+  +  OH 

H,0*  -(-  H2O  +  N2  -*  H,0(H20)*  +  N2 

H,0(H20)^,+  +  H2O  +  N2-*H30(H20).+  +N2 

In  the  positive  ion  mode,  these  water  cluster  ioiu 
play  an  important  role  in  the  production  of  positive 
ions,  and  the  major  mechanism  is  proton  transfer: 

H30(H20),*  -h  R  RH(H:0),*  +  (n  -  m)H20 

This  occurs  if  the  proton  aftinity  of  the  species,  R,  is 
greater  than  that  of  H30'^(H20),.  More  generally, 
any  sample  species  in  the  carrier  gas  that  is  a 
stronger  gas  phase  base  than  H30''^(H}0),  will  be 
ionized  to  form  RH''^  and  RH''^(H20)..  The  final  ions 
leaving  the  ion  source  will  have  reached  equilibrium 
and  will  seldom  give  ftagment  ions.  The  efficiency 
of  API  can  reach  lOOX  for  trace  species  (Carrol!  et 
al.,  1981). 

Negative  ionization  proceeds  through  elecfton 
attachment: 

RX  +  e-  -•  R  4-  X* 

The  dominant  reactive  ions  for  negative  ionization  in 
ambient  air  are  the  *superoxide*  0*2  ^  il* 
monohydrated  adduct,  O'^HiO).  The  eleotroo 
affinily  of  O'a  is  only  0.44  eV,  and  thus  it  can 
undergo  charge  transfer  with  compounds  of  higher 
electron  affinity.  However,  proton  transfer  reactions 
occur  more  oRm  than  charge  transfer  reacttons  in  the 
negative  ion  mode: 

RH  -f  4-  R' 

The  0'2  ion  hu  a  proton  affinity  of  350  kcal  md*' 
(15.2  eV)  and  will  accept  protons  from  acids  wboae 
correspondmg  anions  have  tower  proton  affinities. 

Sittce  an  API  source  operates  at  almoqpheric 
pressure,  it  is  most  suitable  for  direct  air  monitoring. 
Air  is  drawn  into  the  ion  sourte  at  a  very  high  flow 
rale  (>2  mL  min')  to  prevent  moieculea  from 
adsorbing  onto  the  chan^  and  to  reduce  any 
memory  effocts. 

3  J  Thon-oC-fUihl  Mam  Spectronadry 
Time-of-flightmass  spectfometry  has  been  described 
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previously  (Price,  1984;  Sin  et  al.,  1991;  Wiley, 
1955).  In  a  TOFMS,  charged  masses  separate 
according  to  the  times  needed  for  them  to  reach  the 
electron  multiplier.  Assuming  that  singly  charged 
ions  are  formed,  and  that  they  attain  equal  kinetic 
energies  after  they  leave  the  acceleration  region,  the 
flight  time,  T,  of  each  is  proportional  to  the  square 
root  of  its  mass,  M.  The  flight  time  car  be 
approximately  calculated  by  the  following  equation 


where  L  is  the  length  of  the  field-free  drift  region, 
and  V  is  the  total  potential  drop  across  the 
acceleration  region. 

An  important  parameter  for  this  instrument  is  the 
maximum  detectable  m/z  value.  Since  there  is  a 
horizontal  velocity  component  for  the  ions  going  up 
the  drift  tube,  larger  ions  may  hit  the  wall  before 
they  are  detected.  Table  1  shows  the  flight  times  of 
different  m/z  ratios  and  their  horizontal 
displacements.  These  values  were  calculated  with  an 
acceleration  potential  gain  of  2100  V.  Also,  in  the 
acceleration  region,  the  width  of  the  electric  repelling 
pulse  determines  the  limit  for  m/z  ratio  of  the  ion  that 
can  pass  the  focus  grid.  Table  2  shows  the  ion 
residence  times  within  the  region  between  the  repetler 
plate  and  the  focus  grid,  and  the  correspowling 
horizontal  displacements  for  ions  of  different  sizes. 
An  electric  pulse  that  lasts  longer  than  the  residence 
time  is  needed  to  detect  the  corresponding  ions.  The 
displacement  within  the  acceleration  region  is  less 
than  10%  of  the  total  displacement.  The  total 
displacement  for  a  mass  of  5,000  amu  is  about  2.S 
cm.  Thus,  the  problem  of  horiftmtal  dij^lacement  is 
easily  solved  by  ustng  a  flight  tube  of  larger  diameter 
(e.g.,  6  cm).  On  the  other  bnnd,  longer  pulse  width 
or  higher  pulse  voltage  is  oeeded  to  move  tons  of 
higher  masses  acrcn^  the  gap  betvreen  the  repeller 
plate  and  focus  gnd. 

3  J  Conditkira  Affecting  Sensitivity  MeasuremetUs 

All  substances  emit  vapor  molecules  at  any 
temperature  above  absolute  zero.  At  some  point  in 
time,  equilibrium  is  reached  in  which  the  number  of 
molecules  being  emitted  from  the  substance  is  equal 
to  the  number  being  re-absorbed  by  the  substa;^. 
Given  enough  time,  vapor  molecules  eventually 
equilibrate  throughout  tito  enclosure  to  a  vapor 
pretsure  that  is  t^vacteristic  of  the  substance  and 
dependent  on  the  lempetature.  As  these  vapor 


molecules  move  around,  they  may  collide  with  the 
probe  of  an  explosives  detector.  An  explosive  can 
only  be  detected  if  there  are  enough  collisions  with 
the  detector  to  trigger  a  response.  The  number  of 
collisions  is  proportional  to  the  number  of  molecules, 
which  is,  in  turn,  proportional  to  the  vapor  pressure. 
Unfortunately,  most  solid  explosives  have  extremely 
low  vapor  pressures  (St.  John,  1975).  Furthermore, 
the  actual  concentration  of  vapor  in  the  atmosphere  of 
an  enclosure  depends  strongly  on  factors  such  as  air 
flow  and  on  the  hindering  effect  a  container  holding 
the  explosive  may  have  on  the  vapor  molecules 
leaving  the  container.  These  concentrations  are 
usually  only  a  very  small  fraction  of  the  actual  vapor 
pressure.  It  is  likely  in  a  real  situation  that  the  vapor 
will  be  concentrated  near  its  source  and  localized  in 
other  areas  that  are  determined  by  air  circulation. 

The  TOFMS  is  a  mass-sensitive  detector  as  opposed 
to  a  concentration-sensitive  detector.  This  means  that 
the  response  of  the  instrument  is  a  function  of  the 
mass  of  the  analyte  that  flows  through  the  instrument 
per  unit  time.  For  a  mass-sensitive  detector,  the 
detection  limit  is  the  minimum  mass  flow  rate  of 
analyte  that  elicits  a  measurable  response  from  the 
detector.  Different  detection  limits  can  be  obtained 
by  increasing  or  decreasing  the  velocity  of  air 
pumped  through  the  detector.  If  the  mass  flow 
through  the  instrument  is  increased,  the  detection 
limit  is  improved.  For  a  concentration-sensitive 
vapor  detector,  the  detection  limit  is  the  minimum 
concentration  of  analyte  in  the  gas  flow  into  the 
detector  that  elicits  a  measurable  response  from  the 
detector.  For  comparisons  of  different  vapor 
detectors,  a  better  measurement  of  detection  is  the 
minimum  detectable  quantity.  This  is  the  minimuro 
amount  of  analyte  that  elicits  a  measurable  response 
from  the  detector.  This  measurement  characterizes 
die  instniment  itself.  It  places  all  vapor  detectors  on 
Ute  same  basis,  whether  they  are  mass-sensitive  or 
concentration-sensitive,  or  whether  the  sample  is 
prec(»ncn:trated  or  taken  directly  from  the  ambient 
air. 


3.4  Factors  ArecUng  Detector  Sensitivity 

Due  to  its  high  sensitivity  for  trace  components,  API 
has  become  an  important  ionization  method  in  mass 
spectrometry.  The  ionization  efficiency  of  API  is 
two  to  three  orders  of  magnitude  greater  Uian  other 
forms  of  ionization.  For  trace  species,  the  iouizalioo 
efficiency  can  approach  100%  (Carroll  et  al.,  1981). 


The  use  of  a  perpendicular  supersonic  ion  beam  in  a 
TOFMS  provides  more  sensitivity  than  an  axial 
configuration  (Sin,  et  al.  1991).  In  an  on-axis 
arrangement,  ion  pulses  can  only  be  produced  by 
deflecting  the  ion  beam.  Since  the  ion  peak  width 
depends  on  the  "on*  time  during  which  ions  are 
allowed  to  pass,  very  narrow  pulses  are  needed  to 
maintain  a  reasonable  mass  resolution.  These  narrow 
pulses  result  in  a  very  low  duty  cycle  of  less  than 
0.2%.  In  a  perpendicular  configuration,  however, 
the  ion  peak  width  is  determined  by  the  rise-time  of 
the  repelling  pulse  rather  than  the  actual  pulse  *on” 
time.  When  the  electric  pulse  reaches  its  maximum, 
no  additional  ions  can  be  admitted  into  the 
acceleration  region.  The  ions  subsequently  pulsed 
into  the  drift  region  are  those  already  inside  the 
acceleration  region.  Thus,  the  ion  packet  width  is 
only  determined  by  how  fast  the  repelling  plate  is 
brought  to  its  maximum  potential.  Therefore,  the 
electric  pulse  can  be  as  long  as  needed  to  maximize 
the  number  of  ions  entering  the  drift  tube.  If  the  ion 
beam  velocity,  the  width  of  the  grid,  and  the  pulsing 
frequency  are  represented  by  v,  d,  and  f, 
respectively,  then  the  duty  cycle  is  f  x  d/v. 

The  beam  velocity  is  about  3  x  10*  cm  s'*.  If  the 
maximum  frequency  (i.e.,  6  kHz)  is  used,  the  duty 
cycle  of  the  system  is  about  S0%.  It  should  be  noted 
tlut  this  frequency  can  still  be  used  for  an  ion  of 
S,000  amu,  because  the  flight  time  is  only  76  ns. 
Allowing  for  a  S0%  ion  loss  to  the  grids  and  walls 
during  the  flight  time,  the  overall  efficiency  is  25%, 
which  is  much  higher  than  those  obtained  from  on- 
axis  TOFMS  configurations  and  quadrupole  mass 
iqtectrometers  (Sin  et  al.,  1991). 

The  main  reason  for  the  high  throughput  of  this 
instrument  is  that  in  a  perpendicular  arrangement, 
ions  within  the  acceleration  region  are  simuluuieously 
pulsed  into  the  drift  tube.  This  is  depicted  in  Figure 
5,  which  compares  the  two  different  ways  of  creating 
ion  pulses.  In  the  axial  orientation,  ions  enter  the 
drift  region  sequentially,  whereas  in  the  perpendicular 
onentarion,  all  ions  along  the  repeller  plate  are 
introduced  at  the  same  time. 

The  open  configuration  of  a  TOFMS  enhances 
sensitivity  due  to  its  high  transmission  efficiency 
(Glish  et  al.,  1967).  Unlike  a  quadrupole,  whose  ion 
transmission  efficiency  decreases  for  heavier  ions 
(Watson,  19SS),  a  TOFMS  has  an  uolimiled  mass 
range  (provided  the  beaviau  ions  arrive  al  the 
detector  before  die  next  pulse  begins). 


A  calibration  plot  of  TNT  at  three  levels  in  triplicate 
was  generated.  The  three  data  points  represent  33  fg, 
330  fg,  and  3.3  pg  of  TNT  for  each  spectrum  squired 
(Figure  6).  The  sensitivity  for  TNT  was  determined 
to  3.S  X  10'^  mV  fg*',  and  the  minimum  detectable 
quantity  was  10  fg  of  TNT  at  a  signal  to  noise  ratio 
of  3. 

3.5  Factors  Affecting  Detector  Setectivity 

The  API  source  produces  a  supersonic  ion  beam, 
because  the  ions  are  formed  at  one  atmosphere  and 
adiabatically  expanded  into  the  vacuum  chamber 
through  an  orifice.  Since  the  diameter  of  the  orifice 
is  much  greater  than  the  mean  free  path  of  the  gas 
molecules,  numerous  two-bcdy  collisions  occur  and 
energy  transfer  is  facilitated.  Both  the  translational 
and  internal  energies  (kinetic  energy)  are  transferred 
into  a  directed  mass  flow.  Any  molecules  or  ions 
seeded  in  this  gas  jet  experience  a  similar  effect.  If 
the  pressure  downstream  is  low  enough  to  prevent  the 
formation  of  a  shock  wave,  ions  and  molecules  in  this 
supersonic  beam  eventually  travel  at  similar 
velocities.  The  energy  and  velocity  distribution  is 
narrowed,  and  the  mass  resolution  is  greatly 
improved. 

Historically,  TOFMS  has  been  limited  by  its  low 
resolution  (about  300).  The  innovative  feature  of  the 
TOFMS  reported  here  is  the  use  of  a  supersonic  ion 
beam  at  right  angles  to  Ure  flight  tube.  As  a  result  of 
supersonic  expansion,  the  initial  energy  spread  of  the 
ions  is  minimized  and  the  mau  r^ution  is 
improved  to  more  than  S(X),  comparable  to  current 
quadrupole  mass  qwctrometers.  Since  this  technique 
does  not  use  a  refleclron  or  an  electrostatic  aector  to 
focus  the  ion  energy,  sensitivity  is  not  compromised. 
Ions  are  pulsed  from  the  supenonic  ion  bcw  into  a 
perpendicular  flight  tube.  The  mats  resolution  of  a 
TOFMS  is  influenced  by  the  temporal  widdi  of  the 
ion  packets  produced  by  the  pulse.  The  tpatiid 
differences  ai^  initial  kinetic  energy  spreads  of  the 
ions  being  pulsed  from  the  source  (xmtribute  to  the 
peak  widths,  .since  all  of  the  ions  do  not  start 
moving  toward  the  drift  region  from  the  same 
position  al  the  start  of  each  pulse,  a  spatial 
distribution  results.  A  double  field  acceleration 
region  is  used  to  compensate  for  there  qwUal 
differences.  Another  advantage  of  having  the  flight 
tube  perpendicular  to  the  ion  beam  is  that  the  energy 
spread  eliminated  in  the  direction  perpendicular  to  the 
drift  tube. 
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resolution.  For  example,  the  potential  applied  to  the 
nozzle  may  add  energy  spread  to  the  ion  beam. 
Because  the  pressure  in  the  first  chamber  is  quite 
high  (O.S  -  1.0  torr),  the  additional  energy  spread  is 
less  likely  to  be  observed  due  to  cooling  through  two- 
body  collisions.  This  potential  field  is  necessary  to 
focus  the  ions  into  the  skimmer.  If  the  applied 
potential  is  less  than  10  V,  no  ion  peaks  are 
observed.  Other  important  factors  include  the  * 
homogeneity  of  the  acceleratmg  fields,  the  flatness  of 
the  grids,  and  the  overall  alignment  of  the  flight  tube. 

3.6  Factors  Affecting  Speed  of  Analysis 

In  a  TOFMS,  ions  are  separal.°d  in  space  in  the  field- 
free  drift  region,  allowing  them  to  exit  and  hit  the 
detector  at  different  times.  To  a  first  approximation, 
the  arrival  time  of  an  ion  is  proportional  to  the  square 
root  of  its  molecular  weight.  TOFMS  is  unique  in 
that  it  can  produce  a  complete  mass  spectrum  in  less 
than  200  microseconds. 

An  important  characteristic  of  API  is  its  "soft" 
ionization  nature;  usually,  the  majority  of  ions 
produced  are  molecular  -ons.  This  performance 
makes  API  very  suitable  for  environmental 
monitoring  since  the  target  compounds  can  be  easily 
identified  by  their  molecular  masses  without  going 
through  tedious  mass  spectral  matching.  Other  forms 
of  ionization  used  in  mass  spectrometry  are  more 
energetic  and  produce  a  high  percentage  of  fragment 
ions.  Because  of  little  fragmentation  interference, 
API  can  be  used  for  direct  analysis  of  complex 
samples  without  pretreatment  of  the  sample. 

4.  SUMMARY 

A  high-jv-nsitivity,  high-speed  API  TOFMS  system 
has  been  ueveloped  for  explosives  vapor  detection. 
The  advantages  of  this  system  include; 

4.1  Sensitivity 

The  high  ioniution  efficiency  of  API  and  the  high 
transmission  effu  iency  and  duty  cycle  make  this  ma.ss 
spectrometer  100  to  1000  times  more  sensitive  then 
any  existing  mass  spectrometer  system.  The 
minimum  detectable  quantity  for  TNT  was  measured 
as  10  fg  using  this  system.  Minor  modifications  are 
expected  to  increase  the  sensitivity  to  0. 1  fg. 


A  complete  mass  spectrum  can  be  acquired  in  less 
than  200  microseconds. 

4.3  Selectivity 

This  system  has  a  resolving  power  of  500  at  450 
amu.  For  example,  it  can  distinguish  a  compound  of 
mass  450  from  a  compound  of  mass  451.  Unlike 
most  mass  spectrometers,  there  is  no  tradeoff 
between  sensitivity  and  resolution  since  the  resolution 
is  defmed  by  the  supersonic  expansion  and  not  by  the 
instrumentation. 

4.4  Simplidiy 

The  TOFMS  is  the  simplest  type  of  mass 
spectrometer  and  requires  very  little  optimization 
compared  to  other  mass  spectrometers.  Simplicity  of 
design  also  means  less  downtime  and  less 
maintenance. 

4.5  Range  of  Compounds  Detected 

This  system  can  detect  a  broad  range  of  compounds, 
including  non-nitro-containing  explosives  and 
flammable  liquid  explosive  fillers,  as  well  as  nitro- 
organic  explosives.  Illegal  drugs  can  also  be  detected 
at  the  same  time. 

4.6  Robustness 

The  API/TOFMS  instrument  can  be  easily  moved  or 
transported.  It  can  be  mounted  in  a  vehicle.  There 
are  few  moving  parts,  and  the  only  moving  voltage  is 
the  pulsing  voltage.  There  are  very  few  restrictive 
environmental  requirements. 
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Table  1.  Calculated  flight  times  and  horizontal  displacements  for  ions  of  different  m/z  ratiosj*. 


m/z 

Flight 

Time  (jts) 

Horizontal 
Di^lacement  (mm) 

100 

10.8 

2.0 

250 

17.0 

5.1 

1,000 

34.0 

10.2 

2,000 

48.1 

14.4 

5,000 

76.0 

22.8 

*1116  horizontal  velocity  was  3  x  10*  cm  s'*.  Total  acceleration  voltage  was  2,100  V.  The  flight  tube  length  was 
60  cm. 
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Table  2.  Calculated  residence  times  and  horizontal  displacemoits  for  ions  of  different  tali  ratios  in  the  acceleration 
region  between  the  rq>elier  plate  and  focus  grid*. 


mil 

Residence 
Time  (ps) 

Horizontal 
Di^lscemen^  (mm) 

100 

1.0 

0.3 

250 

1.6 

0.5 

1,000 

3.2 

1.0 

2,000 

4.4 

1.3 

5,000 

7.0 

2.1 

'A  pulse  voltage  of  3tX)  V  was  used. 
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Itgure  L  Schenutic  du^tna  of  the  APl/TOFMS  vapor  detector  showing  the  API  source  and  TOP  mass  analyzer. 
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Balloon 
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L  Diagfam  of  «  aunple  eiq>lomes  vi^r 
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Vigim  3.  Detecticm  of  TNT  v^ior  from  a  nmpte  explosives  vapor  generator.  Flow  rate  of  (a)  400  mL/min 
rqneseating  136  fg  of  TNT  v:q>or  per  scan  and  (b)  100  mL/min  {presenting  34  fg  of  TNT  vapor  per  scan. 
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F%m  4.  Diafna  of  a  cootolled  flow  maple  ddtvery  cystoa. 


On-Axis  Configuration 


To  the 
Detector 


0  0  0 


Ion  Beam 
Direction 


Off-Axis  Configuration 


Ion  Beam 
Direction 


Ftgure  5.  Schenutic  dtignun  ibowing  ioo  throughput  from  pulsing  by  (t)  a  deflection  piste  and  (b)  s  repeller  piste 
pespcniticulsf  to  the  diwction  of  sccelemitm.  Mote  ions  an  detected  per  pulse  in  esse  (b). 
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Response  Curve  for  TNT 


figure  6.  Signil  response  curve  for  TNT  satq)ies  delivered  by  a  controlled  flow  saiiq>le  delivery  system. 
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1.  INTRODUCTION 

This  paper  is  a  companion  document  to  the 
Atmospheric  Pressure  Ionization  Time-of-Flight  Mass 
Spectrometer  (API  TOFMS)  presentation  (Lee,  etal., 
1992).  Two  significant  technical  challenges  related 
to  design  and  implementation  of  vapor  collection 
systems  are  addressed.  They  are:  a.  Freeing 
deposited  or  trapped  explosive  material  particles  or 
vapor;  and  b.  Transportation  of  sample  ^)ecimen 
from  the  pickup  point  to  the  detector. 

Addressed  in  this  dissertation  will  be  both  hand-held 
collection  and  air  shower  booth  accumulation. 

Detection  of  low  concentrations  of  explosive  material, 
(one  femptogram  (fg)  or  less  range),  is  now  a 
technical  accomplishment  (Lee,  et  el..  1992).  These 
low  trace  quantities  can  be  missed,  lost,  absorbed, 
diluted  below  recognition,  or  destroyed  in  the 
collection  system. 

In  nature,  the  collection  systems  of  the  blood  hound 
and  polar  bear  have  carefully  positioned  detectors  at 
the  point  of  pickup,  which  is  just  inside  *he  nostril 
openings.  An  ideal  man-made  system  would  employ 
t^  detector  also  at  the  opening  or  adjacent  to  tlw 
orifice  in  which  the  vapor  sample  first  passes.  The 
design  methods  for  a  man-made  collection  system 
which  would  satisfy  a  one  fg  sensitivity  are  complex 
and  employ  componenUt  that  are  not  readily 
miniaturized  or  packaged  at  the  sample  intake  orifice. 

Therefore,  preconcentralion  is  required  accompanied 
with  secondary  iqjection  to  the  detector. 


2.  GENERAL  DISCUSSION 

The  collection  system,  which  includes  the  sample 
acquisition  through  the  purging  of  preconcentration 
media,  must  be  separated  from  the  detection  system 
for  discussion  or  specification  purposes. 

The  detector  system,  an  API  TOFMS,  is  an 
instrument  which  detects  and  distinguishes 
compounds  by  mass  (Sin,  et  al..  1990). 

Explosive  compounds  gathered  by  a  vapor  must  be 
swept  from  the  air  or  near  emission  sources,  s^h  as 
luggage,  people  or  dislodged  by  agitation/vacuuming. 

The  hypothetical,  unofficial  specification  for  detecting 
a  1.0  ^  or  less  sample  does  not  equate  or  relate  to  a 
dispersed  explmuve  vapor  air  mixture  (ppq). 

The  collector  system  can  deliver  a  certain  weight  of 
sample  to  the  ddecior  after  combing  it  from  the  area, 
item  or  person  in  question.  Piiamelersofirnportance 
are  air  flow  rates,  collector  efliciency,  media 
desorption  efficiency  and  overall  proc^i^ing  time 
required.  Detection  processing  time,  after  the 
collection  system  purges  the  media,  is  not  a  problem 
since  the  API  TOFMS  can  dt^lay  the  iqiectrum  in 
micro  seconds  (Lee.  et  aU.  1992). 

y  HAND-HELD  (AIR-SUCTION) 
COLLECTION 

In  theory,  hsnd-held  sample  coileCtiim  offers  the  best 
chance  for  success  since  it  closely  follows  nature  by 
placing  a  pseudo-detector  close  to  the  vapor  source, 
implemenlaiion  of  hand-held  collection  has  several 
inherent  conflicts  or  tradeoffs.  For  instance,  if  a 
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high  vacuum,  large  air-volume  is  employed,  the 
suspect  vapors  or  particles  will  be  removed 
satis&ctorily,  but  would  deteriorate  from  dilution  and 
preconcentration  uncertainty  which  would  make 
detection  difficult.  A  low  vacuum,  small  air-volume, 
on  the  other  hand,  reduces  the  probability  of 
dislodging  any  substances  at  all,  and  again  makes 
detection  unlikely.  Assuming  that  an  optimum 
vacuum/air-flow  can  be  attained,  any  significant 
distance  for  a  one  (1.0)  fg  or  less  sample  to  travel, 
from  pickup  point  to  detector,  will  present  a  risk  of 
reduction  or  even  loss  due  to  adherence,  or 
absorption. 

With  these  constraints,  it  is  state-of-the-art  to  collect 
and  preconcentrate  adjacent  to  the  pickup  point.  A 
two-step  process,  collect  and  purge,  is  required  to 
present  the  sample  at  the  detector. 

Some  added  enhancement  can  be  accomplished  with 
the  pickup  head,  the  media  for  preconcentration 
Stonge  and  the  purge/sample  removal  technique.  Six 
pickup-head  design  configuration  concepts 
for  enhancing  sample  collection  are  postulated  (See 
Figure  1).  They  are:  1.  regular  inlet  flow 
employing  no  improvements:  2.  inert  gas  bydmulic 
stimulus  positioned  at  the  nozzle  tip;  3.  ultrasonic 
emission  at  the  tip;  4.  low  frequency  pulsed  air  piston 
at  the  tip;  5,  relating  beaters  or  flails  at  the  tip;  and 
6.  infra^  radiation  enutted  from  the  lip.  Hand-held 
collection  is  already  iinpleinnsted  in  certain 
commereial  vapor  collection  systems  outl  promises  to 
be  one  of  the  most  effective  methods  of  gsitumog 
trace  amounts  of  explosive  compounds. 


4.  AiR-SKOWER  (800111) 

COtXECTiON 

Booth  or  walk-thri)ugh  collection  must  take  into 
ctumderaitoa  an  ‘air-exchange*  sweep,  concentmtUm 
to  a  point,  media  temporary  sample  retention,  and 
purge  to  the  detector,  imposing  an  arbitrary  time  of 
six  (6.0)  seconds  per  pe^mm  and  miming  a 
conventional  booth  of  approximately  two  Hundred 
(200)  cubic  feet  widi  a  walk-through  transit  time  of 
three  (3)  seconds,  an  air  shower/removal  period  of 
three  (3)  seconds,  design  criteria  for  the  collection 
system  can  be  fomuitaied.  One  important  trade-off 
will  be  the  air-velodty  at  the  collection  media.  For 
a  throe  (3)  inch  diam^r  media,  the  air  velocity  for 
the  above  criteria,  would  be  twice  die  .speed  of  sound 
through  the  preconcentration.  This  is,  of  course, 
unacceptable.  Another  constderadoo  is  the  air 


collected  in  the  booth  wiiii  reflect  to  the  air  loss  due 
to  natural  walk-through  pumping  of  the  transiting 
individuals.  Storage/purge  efficiency  or  desorption 
of  the  preconcentration  media  is  of  prime  importance. 
Budgeting  the  losses  and  efficiencies  might  have  the 
following  profiles:  a.  50%  for  air  collected  vs  air 
lost  to  the  walk-through  pumping:  b.  50%  for 
sample  collected  to  sample  actually  dq)Osited  on  the 
preconcentration  media,  and  c.  80%  for 
storage/purge  efficiency  to  the  detector.  With  these 
losses  in  mind,  a  one  (1.0)  fg  sanq)le  at  the  detector 
translates  to  five  (5)  emitted  or  off-gassed  or 
otherwise  acquired  during  the  booth  transit.  Booth 
collection  is  fraught  with  problems.  A  dynamic  model 
of  all  components  is  needed  to  finalize  the  design  or 
demonstrate  theoretical  feasibility. 

5.  SUMMARY 

Vapor  detection,  by  definitioo,  is  dependent  upon 
sample  mass  quantity  being  delivered  to  the  detector. 
At  a  one  (1.0)  ppq  density  of  TNT  vapor,  the  air 
volume  quantity  containing  one  (1.0)  fg  would  be 
approximately  108  ml.  Noting  the  gross 
inefficiencies  «>Qd  uncertainties  of  mixing  and 
sampling  in  an  Air  Shower  (Booth),  signifleant 
challenges  exist  for  that  method  of  credible  vapor 
detection.  Hand-held  acquitiiioo  (vacuuming)  follows 
nature  the  closest  by  placing  a  pseudo-detector  next 
to  the  source.  Air  sampling  of  s  large  area  by 
sweeping  with  adequate  time  to  collect  and 
preconcentrate  from  large  air  votumea  ia  feasible. 
Finally,  it  is  generally  recognized  that  the  chaUenge 
of  deti^iog  vapors  is  real  and  attainable.  The  bigger 
qucAlioo  ia:  what  ia  the  specifleatioo  and  its 
respective  breakdown  parts  for  vapor  ddectioa? 
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Fig.  1  -  Probe  Tip  Concepts 
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1.  INTRODUCTION 

Sonie  of  the  explosive  materials  with  very  low  vapor 
pressure  such  as  RDX  or  PETN  are  most  likely  to  be 
encountered  either  as  solids  or  adsorbed  on  solids. 
We  are  de.'eiopin^  a  new  technique  for  the  chemical 
characterization  of  exptosives-bearing  microparticles 
based  upon  the  use  of  electrodynamic  traps.  The 
elecrrotiyoamic  trap  has  achieved  widespread  use  in 
the  mars  ^rectrometry  community  in  the  term  of  the 
ion  trap  mass  spectrometer  or  quadrupoie  ion  trap 
(March.  1989).  Small  macroscopic  particles 
(microparticles)  can  be  confined  cr  levitated  within 
the  electrode  .structure  of  a  three’dimensional 
quadrupoie  electrodynamic  trap  in  the  same  way  as 
fundamental  charges  or  molecular  ions  by  using  a 
combination  of  ac  and  dc  potentials  (Wuerktf,  1959). 
Our  coocr^  is  to  use  the  same  electrode  structure  to 
perform  both  microparticle  levitation  and  ion 
trapping/mass  analysis.  The  microparticle  will  first 
be  trapped  and  spatially  suhilized  within  the  trap  for 
chaiacterization  by  qMical  probes,  i.e.,  absorptioo, 
fluorescence,  or  Raman  spectrmKopy.  (We  have 
previously  shown  that  such  spectroscopic  probes  can 
be  extreie^y  sensitive,  e.g.,  a  detection  limit  of  one 
molecule  of  Rhodsnuoe-60  has  been  diOeimiited  in 
the  case  of  fluoresceooi  t^mctroscopy  (Whitten, 
1991.)  After  the  particle  has  optically 

characterized,  it  is  fui^  chamclerized  using  mass 
spectrometry,  loos  are  generated  from  the  particle 
surface  using  laser  ablation  or  desorption.  The 
chancteristics  of  the  applied  votUgM  are  changed  to 
trap  the  ions  formed  by  the  laser  with  the  ions 
subsequently  mass  analyzed.  The  work  described 
here  focuses  on  the  ability  to  perform  laser 
desorption  experiments  on  microparticles  contained 
within  the  ion  trap.  Laser  desorption  has  previously 
been  demonslnlcad  in  ion  trap  device  by  applying  the 
sanqde  to  a  probe  which  is  inserted  so  as  to  place  the 
sam^  at  tite  surface  of  the  ring  electrode  (Heller, 
1989,  Oltsh,  1989).  Our  technique  requires  the 
placement  of  a  mioopirticle  in  the  ceoter  of  the  trap. 


Our  initial  expmiments  have  been  performed  on 
falling  microparticles  rather  than  levitated  particles  to 
diminate  voltage  switching  requirements  when 
changing  from  particle  to  ion  tra]q>ing  modes.  Such 
experiments  have  also  been  report^  by  Sinha  (Sinha, 
1984)  and  by  McKeown  et  al.  (McKeown  1991). 

2.  THE  EXPERIMENTS 

Figure  1  shows  a  schematic  diagnun  of  our  current 
cqiparatus  for  performing  these  meperimentt.  The  ion 
trapping  device  is  a  modifted  Fionigao  MAT  Model 
800  Ion  Trap  Detector  (ITD).  The  trapping 
electrodes  were  removed  ftom  the  ITD  vacuum 
chamber  and  placed  in  a  6-inch  cube  with  the 
rotational  symmetry  axis  of  dm  trap  mieoted 
vcuiicaily.  The  cube  is  attached  to  a  d-inch  oil 
difiusion  pump.  The  rf  voltage  from  the  ITD  was 
reimached  to  the  ring  electrode  by  extending  the 
tiinsfonner  tap  wire  to  a  bij^-voltage  vacuum  ftrod- 
through  mouj^  on  one  of  the  side  porta  and 
retuning  die  transformer  for  lesonance.  The  ITD 
was  operated  with  oomiaally  1  mtorr  of  He  buffer 
gu  it  usual.  Tim  ion  teoa  asaembly  ODnaally  used 
for  electron-impnct  inniulioo  vma  removed  from  the 
hq>  end  op  and  a  particle  dropping  device  wai 
installed.  Tim  psutkle  dropper  consisted  of  a  fonaet* 
shaped  container  with  a  450irm  spout.  A  300-^ 
wire  atteebed  to  a  6-mm  rod  non^y  reata  in  the 
spotd.  The  rod  exita  the  vacuum  chea^  through  an 
o-ring  aealed  fitting.  Partklea  of  iaiereit  are  plaud 
ia  the  contaiaer  aad  dispenaed  by  movlag  the  wire 
attached  to  dm  rod.  The  other  three  aide  ports  were 
flUed  with  6*iiich  pyrex  windows  while  dm  bottom 
port  was  covered  with  ■  flaage  mouated  with  dm 
chanaeltton  electron  laultiplier.  ASnaWHeNetaaer 
beem  is  focused  into  the  trap  through  dm  wtadowa 
and  opposiag  3-inm  botes  drilled  in  dm  ring 
electro^.  The  HeNe  beam  is  positioned  «*  1  mm 
^ve  dm  center  of  dm  ttep.  11m  second  bwriimic 
laser  radiation  from  a  pulsed  NdiYACl  leser  ((juanie- 
Ray  DC11-2A}  propafaies  in  the  opposite  directioa 
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through  the  trap  and  is  focused  by  a  1-m  lens  at  the 
trap  center. 

Collection  of  a  laser  desorption  mass  spectrum 
requires  synchronization  of  the  Nri:YAG  laser  with 
the  falling  particle  and  the  ITD.  The  ITD  runs 
continuously  through  its  normal  scan  sequence  of 
trapping  and  mass-selective  particle  eject  . on.  The 
ITD  can  have  a  trapping-mode  duty  cycle  of  =»  40% 
if  appropriate  scan  settings  are  used.  When  particles 
are  dropped  they  pass  through  the  HeNe  probe  beam 
scattering  light  that  is  detected  by  the  photodiode. 
The  photodiode  signal  is  converted  to  TTL,  then 
ANDed  with  the  electron  gate  signal  from  the  ITD. 
If  a  light  scattering  signal  is  detected  when  the  ITD 
is  in  the  trapping  mode,  the  NdtTAG  laser  is  fired 
after  an  adjustable  delay  time.  The  laser  trigger 
delay  allows  for  the  spatial  displacement  between  the 
HeNe  and  Nd:YAG  beams.  Particles  can  be  reliably 
illuminated  with  the  10-ns  pulse  from  the  Nd:YAG 
laser  after  proper  alignment. 

Silicon  carbide  particles  (nominal  12S-pm  diameter) 
coated  with  various  materials  were  used  in  our  initial 
studies.  Particles  were  coated  with  various 
quaternary  ammonium  or  phosphonium  salts  or  with 
TNT  by  dissolving  the  analyte  (in  methanol  for  the 
quaternary  salts,  toluene  for  TNT),  combining  with 
a  given  mass  of  particles  and  evaporating  the  solvent. 
Compounds  investigated  include  besides  TNT, 
trimethylphenylammonium  chloride,  triethylphe- 
nylammonium  iodide,  tetrabutylammonium  iodide, 
and  tetraphenylphosphonium  bromide.  All 
experiments  were  performed  with  pulse  energies  of 
»»  ImJ  (10’ W/cm^)  except  where  noted.  Ions  were 
reliably  produced  from  dropped  particles  with  yield 
correlating  with  the  intensity  of  the  532'nm  light 
scattered  by  the  particle  as  detected  by  the 
photodiode.  The  quality  of  the  mass  spectra  varied 
primarily  due  to  what  appears  to  be  space  charge 
effects.  Mass  spectra  of  the  quaternary  ammonium 
or  phosphonium  salts  all  produced  intact  cations  and 
expected  fragment  ions.  The  mass  spectra  compare 
favorably  with  those  of  Glish  et  al.  (Glish,  1989)  and 
SIMS  data  on  the  same  particles.  The  mass  spectrum 
of  TNT  was  obtained  by  detecting  negative  ions  with 
a  supplementary  conversion  dynode  biased  at  +3(X)0 
V.  The  spectrum  was  in  good  agreement  with  results 
obtained  by  chemical  ionization  in  the  ion  tttq> 
(McLuckey,  1987). 

Figure  2  ohows  a  mass  spectrum  to;  a  single  SiC 
particle  c<>ated  with  tetraphenylphosphonium  bromide 
irradiated  with  a  single  pulse  of  532-nro  radiation  for 


the  Nd:YAG  laser.  The  intact  cation  peak  is 
observed  at  rail  339.  Peaks  were  also  observed  that 
correspond  to  loss  of  2  benzene  units  and  loss  of  3 
phenyl  groups  at  183  and  105  m/z  respectively.  The 
loss  of  a  single  phenyl  group  results  in  an  odd 
electron  ion  and  is  occasionally  observed  at  low 
abundance.  This  mass  spectrum  is  representative  of 
the  better  spectra  observed.  Spectra  of  this  quality 
are  observed  with  »  50%  of  the  particles.  The  other 
50%  of  the  experiments  are  either  of  low  ion  yield 
due  to  poor  overlap  of  the  Nd:YAG  laser  beam  with 
the  particle  or  too  high  an  ion  yield  resulting  in  poor 
mass  resolution  from  space  charge  effects  in  the  ion 
trap.  The  minimum  particle  loading  that  was  tried 
corresponded  to  133  femtomoles  or  8  x  10'® 
molecules  on  a  125-/im  SiC  particle. 

In  addition  to  the  above  coated  SiC  particles, 
uncoated  particles  of  SiC,  Fe,  and  Nb  were  also 
investigated.  The  uncoated  SiC  particles  yielded  Na 
and  K  ions  presumably  due  to  surface  contamination. 
No  ions  were  observed  that  would  be  associated  with 
SiC  e\'en  at  intensities  of  10'®  W/cm^.  The  iron  and 
niobium  particles  required  slightly  higher  energies  ( « 
3mJ/pulse)  to  yield  ions  as  would  be  expected.  The 
iron  spectra  included  the  iron  isotopes  in  addition  to 
showing  a  copper  impurity.  The  Nb  spectra  also 
indicated  some  iron  contamination. 

3.  CONCLUSION 

Improvements  in  the  cur.ent  apparatus  promise  to 
yielu  good  sensitivity  for  materials  on  the  surface  of 
microparticles.  Submonolayer  sensitivities  have 
already  been  achieved.  Excess  ion  production 
leading  to  space  charge  effects  in  the  trap  is  currently 
more  of  a  problem  than  lack  of  signal.  Combining 
particle  levitation  with  ion  trapping  may  allow 
multiple  desorption  experiments  to  be  performed  on 
a  single  particle  and  thus  permit  signal  averaging. 
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Figure  1.  Seheuetic  Diagram  of  the  ITD 


NIUM  BROMIDE 
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Flanr*  2.  Mass  Spsctru*  for  s  slagls  Sic  Psrticls 

costsd  wita  tstrsplisnylpaosphoiiiim  Brosids 


TANDEM  MASS  SPECTROMETRY  FOR 
EXPLOSIVES  VAPOR  DETECTION 
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1.  INTRODUCTION 

Atmospheric  sampling  glow  discharge  ionization 
(ASGDI)  has  been  shown  to  be  a  highly  sensitive  ion 
source  for  the  detection  of  explosive  compounds  in 
air  (1,2).  We  first  interfaced  this  ion  source  with  a 
home-built  quadrupole/time-of-flight  (QT)  instrument 
(3).  A  second  MS/MS  instrument,  a  Finnigan  ion 
trap  mass  spectrometer  (ITMS),  was  then  modified 
extensively  to  adapt  the  ASGDI  source  (4).  We  have 
recently  interfaced  an  ASGDI  source  with  a  Fiimigan 
TSQ  700  tandem  quadrupole  instrument.  Part  of  the 
rationale  behind  this  work  was  to  adapt  ASGDI  in  a 
very  simple  and  inexpensive  manner  to  a  widely 
available  state-of-the-art  tandem  mass  spectrometer. 
The  purposes  of  this  paper  are  to  describe  the 
modification  to  the  TSQ  700  and  to  show  illustrative 
data  obtained  with  the  ASGDI/TSQ  700  combination. 
To  provide  a  context  for  the  TSQ  700  results  we  also 
present  data  acquired  with  equal  analyte  levels  with 
the  two  other  tandem  mass  spectrometers. 

2.  TSQ  700  MODIFICATION 

An  ASGDI  ion  source  geometry  was  designed  that 
would  adapt  directly  to  the  TSQ  700  ionization  region 
vacuum  manifold.  A  side-view  schematic  of  the 
ASGDI  source  as  it  is  positioned  in  relation  to  the 
TSQ  700  ion  source  lens  stack  is  shown  in  Figure  1 
(vacuum  manifold  not  shown).  The  modifications  to 
^e  TSQ  700  include; 

•  Removal  of  the  normal  EI/CI  ion  source  and 
solids  probe  flange  and  replacement  with  the 
ASGDI  source, 

•  Addition  of  a  I  cm  tube  extension  to  the  first 
lens  element  for  ion  extraction, 

•  Addition  of  a  10  L/s  roughing  pump  to 
evacuate  the  ASGDI  source  to  0.8  torr,  aiid 


•  Addition  of  a  DC  power  supply  to  provide 
the  -400  V,  10  mA  for  the  discharge. 

3.  EXPERIMENTAL 

All  data  shown  here  were  acquired  in  the  negative  ion 
mode  using  -350  to  -400  V  on  the  cathode  (A1  of 
Figure  1)  which  results  in  a  discharge  current  of  4  to 
8  mA.  Mass  spectra  were  acquired  with  the  TSQ 
700  by  scanning  the  second  quadrupole.  Various 
approaches  to  acquiring  MS/MS  data  were  made  and 
are  described  with  the  relevant  data.  Samples  were 
admitted  either  as  room  temperature  head  space 
vapors  or  by  placing  a  few  crystals  in  a  capillary  tube 
and  placing  the  capillary  in  a  heated  quartz  tube 
leading  to  the  inlet  aperture  of  the  ASGDI  source. 
Details  of  the  procedure  for  acquiring  data  with  the 
QT  and  ITMS  have  been  described  (3,4). 

4.  RESULTS  AND  DISCUSSION 

We  have  focussed  our  attention  on  the  negative  ion 
performance  of  the  ASGDI/TSQ  700  system  since  the 
analysis  of  explosives  is  most  readily  performed  using 
this  polarity  of  ion.  Figure  2  shows  the  background 
ASGDI  negative  ion  mass  spectrum  from  laboratory 
air.  This  spectrum  shows  the  normal  background 
peaks  ordinarily  observed  with  the  ASGDI  sources  on 
the  other  instruments.  The  prominent  peak  at  m/z  46 
arises  from  NO:  formed  in  the  ion  source  from  the 
oxygen  and  nitrogen  in  air. 

4.1.  Mass  Spectra  of  Explosives 

Figure  3  shows  negative  ion  mass  spectra  of  several 
explosives  of  interest,  obtained  with  the  ASGDI/TSQ 
700.  They  include  TNT  and  the  commonly 
encountered  plastic  explosives  PETN  and  RDX. 
These  mass  spectra  are  virtually  identical  to  those 
obtained  on  the  other  instruments.  TNT,  for 
example,  gives  the  molecular  anion  almost 
exclusively  whereas  the  plastic  explosives  yield 


fragment  ions  as  the  base  peaks  in  the  spectra.  The 
high  mass  ion  used  for  MS/MS  identification  of  RDX 
appears  at  m/z  176  and  corresponds  to  the  loss  of  a 
nitro  group  from  the  molecular  anion.  The  high  mass 
ion  used  for  PETN  identification  appears  at  m/z  240 
and  corresponds  to  the  loss  of  CHjONOj  from  the 
molecular  anion. 

4.2.  MS/MS  Spectra  of  Explosives 

Figures  4-6  provide  the  MS/MS  spectra  acquired  for 
each  of  the  three  explosives  from  each  of  the  three 
ASGDI/tandem  mass  spectrometers.  Although  the 
mass  spectra  acquired  from  the  three  instruments  are 
similar,  the  MS/MS  spectra  show  some  significant 
qualitative  d'fferences  due  to  differences  in  analyzers 
and  collisional  activation  conditions.  Collisional 
activation  conditions  are  similar  for  the  TSQ  700  and 
the  QT  but  the  analyzers  (MS  II)  differ  (Q  vs.  T). 
Of  particular  note  is  the  inferior  resolution  provided 
by  the  QT.  The  collisional  activation  conditions 
provided  by  the  ion  trap  differ  significantly  from 
those  of  the  TSQ  700  and  the  QT.  Similar  high  mass 
product  ions  are  observed  but  very  tittle  NOj',  which 
constitutes  the  most  abundant  product  under  some 
conditions  in  the  beam-type  instruments,  is  observed 
in  the  ITMS. 

4.3.  Energy  Resolved  Mass  Spectrometry  of  TNT 

MS/MS  spectra  are,  of  course,  dependent  upon  a 
number  of  conditions.  From  the  analytical  point  of 
view,  it  is  sometimes  desirable  to  maximize  the 
charge  in  particular  product  ions.  Such  a  situation  is 
usually  desirable  for  the  "targeted  product  ion*  mode 
of  operation  (5).  in  this  mode,  the  first  quadrupole 
is  operated  as  a  high  pass  filter  (e.g.,  passing  only 
ions  of  m/z  >  ISO)  and  scanning  the  second  analyzer 
to  detect  any  product  ions  characteristic  of  a 
compound  class.  The  product  ions  NO}'  and  NO]', 
for  example,  are  characteristic  of  nitroaromutics  and 
nitrate  esters,  respectively.  It  is  therefore  desirable 
to  maximize  NO}'  from  the  MS/MS  of  M'  of  TNT 
for  application  of  the  targeted  product  mode  of 
operation.  Figure  7  shows  an  ERMS  plot  acquired 
with  20%  parent  ion  beam  attenuation.  Under  these 
conditions,  laboratory  collision  energies  of  about  40 
eV  constitute  the  best  compromise  between 
transmission  and  NO}'  production. 

4.4.  Comparisun  of  MS/MS  Performance 

The  performances  of  (he  three  ASGDI/tandem  mass 
spectrometers  were  compared  under  different  MS/MS 


operating  modes.  In  all  cases  an  equal  and  constant 
flux  of  TNT  was  admitted  into  the  instrument 
(maximum  concentration  estimated  to  be  1  ppb)  and 
data  were  collected  for  two  seconds.  This 
normalized  the  analyte  quantity  sampled  by  each 
instrument.  A  quantitative  measure  of 
"signal/background*  for  each  experiment  was  taken 
as  the  analyte  signal  (minus  background  sigiul) 
divided  by  three  times  the  standard  deviation  of  the 
background  signal.  For  the  beam-type  instruments, 
the  NO}'  product  ion  was  used  as  the  analyte  signal 
whereas  the  product  ion  at  m/z  210  was  used  for  the 
ITMS  data. 

Table  I  summarizes  the  "signal/background*  results 
acquired  under  various  MS/MS  operating  modes. 
The  various  operating  modes  establish  compromises 
between  signal/background  and  specificity  via  the 
normal  trade-offs  between  resolution  and 
transmission,  duty  cycle  and  scan  length,  etc.  The 
most  direct  comparison  to  evaluate  signal/background 
at  equal  specificity  comes  from  the  data  acquired  with 
MS  I  resolution  >  400  and  MS  II  resolution 
maximized.  For  the  TSQ  700  and  the  ITMS,  MS  II 
resolving  powers  are  comparable.  However,  the 
resolution  of  MS  II  of  the  QT  is  at  least  an  order  of 
magnitude  lower.  The  TSQ  700  provides  slightly 
better  signal/background  than  does  the  QT  and  with 
much  superior  specificity.  The  ITMS,  however, 
provides  roughly  an  order  of  magnittide  greater 
signal/background  with  specificity  at  least  as  good  as 
that  of  the  TSQ  100,  At  the  cost  of  specificity, 
however,  the  beam-type  instruments  can  come  closer 
to  the  performance  of  the  ITMS.  This  is  apparent  in 
the  numbers  obtained  using  various  forms  of  parent 
ion  resolution  degradation,  including  the  targeted 
product  ion  mode.  The  TSQ  100  can  approach  the 
performance  of  the  ITMS  in  the  targi^ted  product  ion 
mode  with  a  narrow  scan  (to  improve  duty  cycle) 
over  the  m/z  46  product  ion.  An  analogous 
procedure  is  not  available  for  the  QT. 

5.  CONCLUSIONS 

The  TSQ  700  can  be  fitted  with  an  ASGDI  source 
simply  and  with  minimal  expense  (hardware  costs 
<  $10k).  This  preliminary  ASGDI/TSQ  700  data 
indicates  that  this  instrument  provides  performance 
superior  to  that  of  the  QT  instrument  both  in  terms  of 
specificity  and  signal/background  (which  should 
translate  to  lower  limits  of  detection).  The 
ASGDl/lTMS  currently  provides  the  best 
performance  of  the  three  instruments  in  terms  of 
specificity  and  signal/background.  However,  at 
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degraded  specificity  the  ASGDI/TSQ  700  can  provide 
performance  in  MS/MS  signal/background 
comparable  to  that  of  the  ASGDI/ITMS. 
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Table  1.  Comparison  of  various  MS/MS  operating  modes  for  three  different  instruments 


OPERATIONAL  MODES 

MSI 

Msn 

m/Am>400 

m/Am>400,  Full  Scan 

m/Am>400 

m/Am-50,  Full  Scan 

RF  only, 
m/2>  180 

m/Am>400,  Full  Scan 

RF  only, 
m/2>  180 

m/Am-50,  Full  Scan 

RF  only, 
m/2>  180 

m/Am>400,  Narrow 
Scan 

ASGDI  SOURCE  TSQ  700 


Figure  1 


Schematic  drawing  showing  the  coupling  of  the  ASGDI  source  to  the  TSQ  700. 


ASGDI  TSQ700  Background  MS 


Figure  2 


ASQDI/TSQ  700  background  mass  ^jectrum. 


647 


648 


649 


MS/MS  of  PETN  (m/z  240)  vs  Instnunent 


Figure  5.  MS/MS  of  PETN  (m/z  240)  on  the  TSQ  700,  ITMS,  and  QT  instruments. 


TNT-ERMS 


A  m/z  210  0  m/z  197  +  m/z  181  A  m/z  167 

•  m/z  151  V  m/z  77  o  m/z  46 


Lab  Collision  Energy  (eV) 

Figure  7 

Plot  of  product  ions  from  m/z  227  (TNT)  as  a  ftmction  of  collision  energy 
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1.  INTRODUCTION 

Atmospheric  pressure  ionization  (API)  is  presently 
widely  used  in  trace  residue  detection  equipment, 
including  the  British  Aerospace/SCIEX  CONDOR 
tandem  mass  spectrometry  (MS/MS)  system,  and  the 
Barringer  lonscan  ion  mobility  spectrometer  viMS) 
{Danylewych  -May,  1991].  Both  these  devices  modify 
the  normal  API  reaction  mechanisms  by  adding 
chemical  reagents  to  increase  the  potential  of 
detecting  explosives. 

Ionization  at  atmospheric  pressure  is  the  most 
efficient  method  of  ionizing  molecules  that  have  the 
appropriate  chemical  features  (eg.,  strong  acids, 
strong  bases,  or  compounds  that  are  highly 
electrophilic).  In  addition,  because  of  the  selective 
nature  of  die  ionization  process,  common  potential 
background  interferences,  such  as  hydrocarbons,  do 
not  form  ions  under  atmospheric  conditions,  and  are 
thus  not  observed  by  techniques  that  utilize  ionization 
detectors. 

Due  to  the  presence  of  nitro  or  nitrate  groups,  most 
explosives  are  generally  highly  electrophilic. 
Electrons  are  readily  attached  to  the  explosive 
molecules  and  are  not  readily  relea-sed.  The  resulting 
explosive  ion  can  then  be  detected.  However,  in 
many  instances,  the  explosive  anion  decomposes  on 
ionization  to  form  ions  such  as  the  nitrite  or  nitrate 
anions,  both  of  which  can  be  formed  from  several 
other  sources.  Modincatioos  to  the  ionization  process 
can  be  used  to  alter  the  chemiatry  and  provide  a  more 
selective  product  ion. 

Since  IMS  operates  completely  at  atmospheric 
pressure,  the  resolution  of  the  spectrometer  is  much 
lower  dun  that  of  mam  apectrometen  which  operate 
under  vacuum.  Detection  schemet  based  on  the 


observation  of  one  ion  under  IMS  conditions,  can 
lead  to  a  significant  incidence  of  false  alarms.  The 
ionization  process  for  several  explosives  can  once 
again  be  altered  to  provide  several  specific  ions 
relating  to  the  explosive,  and  thus  increase  the  overall 
specificity  of  the  IMS  detector.  A  similar  technique 
could  also  be  implemented  in  an  MS/MS  approach  to 
increase  the  selectivity  to  an  even  higher  level. 

2.  NEGATIVE  IONIZATION  AT 
ATMOSPHERIC  PRESSURE 

Most  devices  which  form  ions  at  atmospheric 
pressure  use  either  a  corona  discharge,  or  a 
radioactive  foil,  most  often  n  beca  emitter  such  as 
°Ni,  to  initialize  the  ionization  piDcess.  Although 
these  techniqfies  utilize  significantly  different  methods 
to  initialize  the  ionization  process,  the  general  ion 
chemistry  is  identical.  Corona  discharge  systems 
operate  at  much  higher  ion  currents  t^  do  the 
radioactive  systems,  but  their  reaction  times  are  much 
shorter.  The  overall  sensitivity  of  the  two  approaches 
for  a  particular  chemical  species  is  similar,  but  the 
dynamic  range  of  the  corona  discharge  approach  is 
much  broader  due  to  the  initial  higher  concentration 
of  reagent  ions  (Siegel,  1979]. 

Reagent  ions  are  formed  via  a  fairly  complex  series 
of  chemical  reactions  as  illustrated  in  Figure  1.  The 
mqjor  reagent  ion  at  atmospheric  pressure  in  the 
negative  ion  mode  of  operation  is  O^*  and  its 
hydrate.*!,  Oj'tHiO],.  The  four  pathways  for  the 
ionization  of  explosives  can  be  summarized  as 
follows: 

2.1  Chaife  Tramfer 

An  electron  it  transferred  from  the  reagent  ion  to  a 
molecule  with  a  higher  electron  affinity  (ie.,  more 
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electrophilic): 

O,  +  M-*M+0,  (1) 

The  resulting  ioo,  M  ,  his  i  moleculir  weight 
i<Ieatical  to  tbit  of  the  original  molecule.  For 
example,  TNT  reacts  with  the  supeioxide  anion,  O,' 

,  to  form  an  ion  at  mass  227,  the  molecular  weight  of 
TNT. 

2.2  nroton  Transfer 

A  proton  is  transferred  from  the  target  molecule  to 
the  reagent  ion.  The  target  molecule  is  considered  a 
strmig  acid, 

Oj-  +  M  -*  [M-HJ  +  HOj  (2) 

The  detected  ion,  [M-H]',  would  have  a  molecular 
weight  one  maa;  lower  than  the  original  molecule. 
For  example,  TNT  undergoes  this  reaction  to  form  a 
product  ion  at  mass  226. 

2.3  Addition  or  Clustering 

A  reagent  ion,  generally  NOx^  or  COx-,  clusters  with 
the  target  explosive  molecule. 

NOj-  +  M  -*  tM'Npj]-  (3) 

The  resulting  ion  has  a  molecular  weight  equal  to  the 
sum  of  the  reagent  ion  and  the  target  molecule. 
Nitroesters  such  as  EGDN  readily  undergo  such 
addition  reactions. 

2.4  Dissociative  Charge  Transfer 

In  many  instances,  a  target  molecule  will  dissociate 
upon  ionization  to  form  a  very  stable  negative  anion 
such  as  Cl*  or  NO/. 

Oj  +  MNOj*  -♦  NO,*  +M  +  Oj  (4) 

No  molecular  weight  information  about  the  parent  ion 
is  available.  Nitroesters  and  cyclic  nitramines,  such 
as  RDX,  are  highly  susceptible  to  these  reactions, 

3.  CHLORIDE  ATTACHMENT  REACTIONS 

For  explosives  such  as  the  nitroesters,  and  cyclic 
nitramines,  the  normal  ionization  processes  described 
above  are  not  suitable  for  use  in  a  reliable  explosive 
detector.  The  variation  in  the  composition  of  traces 
in  the  ambient  air,  result  in  ambiguities  in  the 


reagents  ions  for  addition  reactions  (3),  and  the 
intensity  of  any  ions  which  can  be  related  to  the 
molecular  weight  of  the  explosive  is  low  due  to 
dissociation  reactions  such  as  reaction  (4).  However, 
an  additional  reagent  gas  (or  gases)  can  be  introduced 
to  overcome  these  difficulties. 

An  ideal  reagent  ion  for  the  detection  of  explosives  is 
the  chloride  ion.  Cl*  [Tliomsmi,  1980].  It  is  a  very 
weak  base,  correqxmding  to  the  complementary  very 
strong  acid,  HCI,  and  does  not  readily  extract  protons 
from  potential  interfering  compounds  in  the  ambient 
air.  The  chloride  radical  also  has  a  very  high 
electronegativity,  and  thus,  the  corresponding 
chloride  ion  will  not  charge  transfer  to  many 
compounds  found  at  trace  levels  in  ambient  air. 

One  additional,  and  highly  desirable,  feature  of  the 
chloride  ion  is  its  ability  to  form  stable  clusters,  or 
addition  products  with  compounds  of  similar  acidity 
to  HCI  [Davidson,  1980].  Clusters  are  also  formed 
from  molecules  that  may  chelate  with  the  chloride  ion 
to  form  a  stable  addition  product.  In  particular,  the 
chloride  ion  forms  stable  clusters  with  nitroesters 
such  as  EGDN,  NG,  or  PETN,  as  well  as  nitramines 
such  as  RDX  and  HMX  [Tanner,  1983].  The  two 
stable  isotopes  of  the  chloride  ion,  ^’Cl*  and  ^’Cl*  lead 
to  the  formation  of  cluster  ions  which  are  separated 
by  two  mass  units.  For  example,  for  RDX  wbdeh  has 
a  molecular  weight  of  222,  two  product  ions  are 
formed  via  chloride  addition  at  masses  2S7  and  259; 

”C1*  +  RDX  [M»”C1]*  (5) 

(m/z=257) 

”C1*  +  RDX  -*  [M«”C1]* 

(ni/z=259) 

The  chloride  ion  is  formed  in  the  CONDOR  tandem 
mass  spectrometer  by  adding  methylene  chloride  at 
fairly  high  concentrations  (hundreds  of  parts  per 
million)  to  form  the  chloride  reagent  ion.  The  high 
concentration  of  chloride  is  beneficial  in  reducing  the 
formation  of  potential  interferences  from  extraneous 
compounds  which  may  be  found  in  the  sampling 
environment.  For  example,  Figure  2  shows  the 
spectrum  in  the  mass  range  of  200  to  260  with  and 
without  the  presence  of  chloride.  Although  the  ions 
formed  from  the  butylated  hydroxytoluenes  (BHT’s) 
are  not  direct  interferences  for  any  explosives,  their 
removal  in  the  presences  of  chloride  is  indicative  of 
a  wide  range  of  compoimds  which  could  potentially 
interfere. 
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Hie  chloride  also  reduces  the  iohereat  baseiisse 
chemical  noise,  as  can  be  noted  in  Figure  2.  Since 
detection  limits  are  based  (m  signal  to  noise  ratios, 
any  reduction  in  chemical  noise  will  lead  to  more 
fiivoiable  detection  limits. 

The  rapid  reaction  to  form  the  chloride  ion  as  the 
reagent  i<»,  inhibits  the  dissociative  charge  transfer 
leactiott  (reaction  4)  which  would  otherwise  occur  if 
O}'  were  the  reagent  ion.  That  is,  the  very  favorable 
reaction: 

Oj+MQ-^Cl +M  +  O1  (6) 

acts  as  a  scavenger  for  the  0]'  and  thus  minimizes  the 
probability  of  reaction  (4)  occurring.  This  effect, 
coupled  with  the  formation  of  chloride  addition 
products  for  nitroesters  and  nitramines  increases  the 
formation  of  specific  products  ions,  as  opposed  to  the 
formation  of  non-specific  fragment  ions  such  as  the 
nitrate  ion. 

The  resulting  increase  in  sensitivity  is  shown  for  the 
detection  of  EODN  in  Figure  3.  The  ion  intensities 
for  the  normal  parent  ion  formed  in  via  charge 
transfer,  labelled  (a)  in  the  figure,  and  the  chloride 
addition  product,  labelled  (b),  are  monitored  with 
respect  to  time.  At  approximately  0.2  minutes, 
EGDN  vapor  is  added  to  the  system  and  both  the 
monitored  ions  increase  significantly  over 
background.  The  chloride  adduct  is  fon^  from 
residual  methylene  chloride  present  in  the  system.  At 
0,55  minutes,  methylene  chloride  is  introduced  into 
the  system,  and  the  chloride  ion  adduct  increases 
substantially  over  the  M' parent.  The  overall  increase 
in  sensitivity,  due  to  the  presence  of  the  chloride  ion, 
is  approximately  a  factor  of  4. 

A  more  dramatic  effect  is  shown  for  RDX  in  Figure 
4.  The  thermal  desorption  profile  of  the  chloride 
adduct  of  1  ng  of  RDX  is  shown  in  box  (a)  of  the 
figure,  versus  the  M*  parent  in  the  absence  of 
chloride  ion  in  box  (b)  for  a  similar  1  ng  desorption. 
The  increase  in  sensitivity  is  approximately  a  factor 
of  100.  The  miyor  product  ion  for  RDX  when  no 
chloride  is  present  is  mass  46,  a  totally  non-qwcific 
ion. 

4.  MS/MS  OF  CHLORIDE  ADDUCTS 

Although  the  formation  of  chloride  adducts  is  specific 
as  an  ionization  process,  additional  specificity  is 
achieved  by  fragmenting  the  original  chloride  adduct 
parent  ion  (see  (Davidson,  1991]  for  a  description  of 


the  MS/MS  operation  of  a  CONDOR).  The  true  key 
to  the  success  of  this  approach  is  the  fact  that  the 
chloride  adducts  tend  to  be  covalent  rather  than 
elec-trostactic  clusters.  Fragmentation  of  the  parent 
results  in  specific  fragments,  which  relate  to  the 
structure  of  the  target  compound,  rather  than  just  the 
original  free  chloride. 

The  fragmentation,  or  daughter  ion,  spectrum  of  the 
parent  chloride  adduct  of  RDX  is  shown  in  Figure  5. 
Although  this  is  a  fairiy  simple  spectrum,  the  fact 
that  a  nitrite  ion,  m/z=>46,  is  formed  is  fundamoitai 
to  the  specificity  of  the  process.  Only  ions  that 

•  undergo  chloride  addition, 

•  contain  a  nitrite  group,  and 

•  have  a  molecular  weight  of  222 

will  give  rise  to  a  mass  46  daughter  ion  from  both  the 
257  (^’Cl  adduct)  and  259  (”C1  adduct)  parent  ions. 
Both  these  ion  pairs  are  monitored  during  a  normal 
screening  of  samples  for  the  presence  of  RDX-based 
explosives. 

A  much  more  dramatic  fragmentation  spectrum 
results  from  the  chloride  adducts  of  HMX,  as  shown 
in  Figure  6,  A  series  of  daughter  ions  are  observed, 
corresponding  to  the  consecutive  loss  of  -CHsN-NO} 
groups,  a  neutral  loss  of  74  mass  units.  It  is 
interesting  to  note  from  the  ”C1  and  *^C1  qiectra, 
boxes  (a)  and  (b)  in  Figure  6,  that  the  chloride  ion  is 
maintained  in  the  resulting  daughter  ions,  strongly 
supporting  the  formation  of  a  covalently  bonded 
complex.  This  is  such  a  specific  fragmentation 
pattern,  that  it  is  highly  unlikely  that  there  would 
ever  be  a  misidentific^on  giving  rise  to  a  false 
alarm. 

5.  SUMMARY 

In  systems  which  are  dqiwndent  upon  the  formation 
of  ions  through  chemical  processes,  great  gains  in 
both  sensitivity  and  selectivity  can  be  achieved 
through  modifications  to  the  reagent  ions,  to 
particular,  for  nitroesters  and  cyclic  nitramines, 
adding  the  chloride  ion  u  a  reagent  can  increase  foe 
detection  capability  of  an  ion-baaed  aoalyiical  aystem, 
such  u  foe  CONDOR  MS/MS,  by  over  an  order  of 
magnitude. 

As  demonstrated  by  foe  results  presented  in  this 
paper,  foe  higher  probability  of  detection  is  a 
combination  of  higher  sensitivity  for  foe  formation  of 
msss-related  parent  ions,  lower  chemical  background. 


and  highly  q>ecific  fraginratation  patterns  for  the 
resulting  chloride  addition  reaction  products. 
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b>  Zero  Air  with  Cl 


Eiffl 


a)  Zero  Air  without  Cl 


Figure  2  The  bsckground  spectrum  of  parent  ions  in  the  mass  range  200  to  260  with  (b)  and  without  (a)  the 
presence  of  chloride  ions.  Zero  air  is  an  artificial  mixture  to  nitrogen  and  oxygen  at  concentrations 
identical  to  those  found  in  normal  air.  BHT  refers  to  the  cluster  of  peaks  cente^  at  mass  219  which 
are  formed  from  butylated  hydroxytoluenes. 


Piguie  3  The  ioa  iateosiUee  of  the  ttudird  peieot  ioo  (a),  lad  chlorule  adduct  ioo  (b)  ara  plotted  vanua  dm 
EODN  vapon  are  added  at  0.2  aod  die  chloride  ioo  ia  added  to  iooiatfioo  nfioe  at  0.55 
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Figure  4  the  ihenail  <k«orptioo  profile*,  iiUeasity  versus  time  duriog  the  desorption  of  *  simple,  for  the 
chloride  ion  adduct  (a),  and  standard  parent  ion  (b)  for  RDX.  One  uanogram  of  RDX  was  thermally 
desorbed  in  each  case. 
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Ftfun  S  Tbe  frsfomuUoB.  or  daui^tfer  ioo«  ipectnua  of  tbe  ^  adduct  of  RDX.  tbe  fMUMt  ioa  haa  a 
Btoloculaf  wet|^  of  257. 


Fifuie6  tbe  ftifneoutiao  K[  nnm  of  both  the  ^(«),aad*^Ci(b)cUoruk  adducts  of  HMX.  MultipleloMOi 
of  ntM  74  corntpood  to  GoaatGuUve  toun  of 
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1.  INTRODUCTION 

Mass  Spectrometry  is  considered  as  one  of  the  most 
sensitive  and  selective  analytical  techniques.  Over 
the  years,  it  has  played  an  ever  increasing  role  in  the 
detection  of  explosives,  with  the  miyor  emphasis  on 
forensic  applications  (Yinon,  1991].  However,  the 
increasing  need  for  the  beoelits  of  mass  spectrometry 
in  combating  terrorist  activities  has  led  to  the 
development  of  commercial  products  which  are 
presently  in  use  throughout  the  world.  These  beneBis 
include  high  sensitivity  (detection  of  picogram  levels 
of  exp!o$ive.s},  high  selectivity  (ability  to  detect 
o.xplosives  in  highly  complex  matrices),  and  the 
poteolud  for  high-speed  analysis. 

The  imyor  differences  betweact  the  use  of  a  mass 
spectrometer  in  a  forensic  application  and  the  use  in 
t^  detection  of  hidden  expl^v«t  relates  mainly  to 
the  speed  of  analysis.  In  a  forensic  approach,  the 
rngjor  role  of  the  mats  spectrometer  is  to  doermine 
the  identity  of  the  explosive  which  has  been  used  in 
a  claad^aine  activity.  This  geomtty  occurs  idler  the 
&ct,  (a  an  evidence  gathering  mo(^,  and  does  not 
require  instant  feedback.  However,  in  instances 
where  luggage  is  beicg  ecreened  for  exploaivM  at  an 
airport,  the  results  on  each  snalysia  most  be  available 
to  security  officials  tostaaianeousiy. 

To  gainttte  telectivity  reared  for  coort  apidkations, 
mm  separation  techaiqoe  it  generatty  added  to  lha 
mass  spectfomHer.  Whinie  tiote  is  not  criUcal,  this  is 
avxtloftttnagisorliquidtdutHnatograpb.  However, 
analyses  under  these  separation  devicea  may  take  up 
to  25  mittuies  or  nsoie,  and  are  thus  not  suitable  for 
rapid  screcftitag  applications. 

Tandem  mass  spectrometry  (for  a  review  see 
McUffoity,  1983]  or  MS/M$  offers  the  ideal 
solution  f^  rrpid  screening  of  luggage  or  cargo  for 
the  presence  of  explosives,  to  this  case,  the 
aefMiaiton  technique  is  a  muss  spectrometer  itself. 


and  the  aqianttioii  and  complete  analyaia  can  be 
completed  within  a  accood  or  two. 

2.  BISrOBlCAL  REVIEW 

Masa  spectrometera  were  ^rst  introduced  into  the 
detection  of  bidden  exploeive  field  in  the  i97(ir'a  aa 
modified  residual  gas  analyzers  [Yinoa,  1981].  In 
general,  air  was  introduced  into  the  electron  impact 
ion  source  via  a  membiane.  Overall,  Iheae  systems 
were  never  considered  practical  since  the  sensitivity 
was  poor  (part  per  billioo)  and  the  selectivity  was 
margiotl  since  no  high  resolution  sepuitioo 
techniques  were  used. 

In  the  late  1970*a,  SCIEX  introduced  a  maaa 
spectrometer  based  on  (he  (Minctplea  of  atmoqihark 
preasuie  ioouatioo  (API)  (Buckley,  1978],  Samplea 
could  he  introduced  diromly  into  ionizatioo  rofkw 
ofthenwaspectrommer  withomamcoMplkattooaof 
meo^Minec.  the  aeoaitivity  of  the  SOEX  tyatam 
was  tdequato  (part  per  trillion),  but  it  had  inhannUy 
poor  aelecUvity  atnee  only  ocm  km  w«a  fortaad  (itott 
each  exptoaive,  and  Uule  atruchuul  infomatioo  was 
available.  Addilioaal  aeparalton  lachaiquM  were 
required. 

The  adt^ent  of  ttiple-qwulrupoli  tandem  maaa 
apectromaiiy  (Yoat,  1979)  was  fitedanantal  in 
progreM  of  otasa  apectrotoairy  appUcaikma  in  ttua 
area  during  the  I9l0"a.  SCIEX  mtpendad  dm 
cepebUity  of  their  single  MS  pra^ai4  by  edding  dm 
aepa.mt{ag  power  of  ea  eddittooal  MS  (Tanner. 
198)].  This  tystem  was  soon  fotdmrdevdoped  with 
Briiiab  Aeroapece  and  introduced  aa  a  commercial 
product  in  the  Middle  East  in  1986  (dm  CONDOR 
Cooirahcod  Detection  System).  The  original  system 
was  directed  towards  the  defection  of  explo*ivee  and 
drugs  in  ISO  cargo  cootainen  and  in  the  cargo 
compartments  of  vehiciee.  Unlike  mass  spectrometer 
aysietns  in  use  etsewiieie,  dm  system  was  geared 
towards  openoion  by  fairly  unskiUed  operators. 
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Tandem  mass  qjectrometiy  was  also  the  key 
approach  followed  by  other  workers  in  this  area,  in 
particular  the  jrmip  ^  Oak  Ridge  [McLuckey,  1988, 
1989}.  They  have  investigated  the  use  of  a  glow 
discharge  ion  source  coupled  with  MS/MS  system 
comprised  of  quadrupole/time-of  flight,  triple 
quadnqroles,  and  ion  traps. 

The  major  advances  for  mass  ^rectrometry  in  the 
1990’s  will  likely  be  oriented  towards  lowering  the 
cost  of  the  systems  and  minimizing  die  complexity  of 
peradoa.  Research  and  development  activities  will 
likely  be  aimed  towards  sampling  and  collection 
techniques,  rather  diat  on  the  mass  spectrometer 
itself.  Reliability  and  ease-of-use  will  be  critical 
issues  to  resdve  over  the  next  few  years. 


3.  THE  CONDOR  TANDEM  MASS  SPECTROM¬ 
ETRY 

The  CONDOR  system  is  based  on  the  rapid  analysis 
of  complex  sanqiles  (for  example,  air  cargo  vapors 
and  residual  dust  particles)  for  the  presence  of  trace 
levels  of  contra^d  material  using  atmospheric 
pressure  chemical  itmizadon  (APCI)  coupled  with 
tandem  mass  spectrometry  (MS/MS).  The  two  key 
areas  which  sqiatate  it  from  other  methods  of 
contraband  detection  ate  the  sample  acquisition 
networic  and  die  mediod  of  analysis. 

A  sanqile  is  acquired  either  by  introducing  it  directly 
into  the  ion  source  of  the  mass  spectrometer  or  by 
collecting  mvolatiles  or  particles  on  a  collector 
cartridge  which  is  in  turn  thermally  desorbed  to 
provides  vrqior  sample  for  analysis.  The  ions  which 
are  formed  from  the  various  items  in  the  sauqile  ate 
first  separated  according  to  their  molecular  weight 
using  a  quadrupole  mass  filter.  To  gain  structural 
information  about  the  selected  ions,  they  are 
introduced  into  a  fiagmeotadon  region  where  the 
original  ions  ate  broken  dovra  into  a  series  of  specific 
fiagment  ions  (or  daughter  ions).  These  daughter 
ions  are  then  mass  analyzed  using  a  second  mass 
filter.  The  resulting  ion  stream  is  then  measured 
using  a  detector,  and  the  output  intensity  is  fed  into 
die  data  system  for  a  comparison  with  expected 
values.  The  output  results  (i^/fiul)  ate  then  fed  to 
a  printer  and  to  die  touch-screen  terminal  which  acts 
as  the  operator  interfece. 

3.1.  Sample  AcqirisitioB 

Sample  acquisition  is  critical  in  the  detection  of 


contraband.  The  most  sensitive  instrument  will  not 
be  able  to  detect  contraband  unless  the  sample  is 
presented  to  the  analyzer.  The  present  methods  used 
by  the  CONDOR  are  a  direct  air  analysis  technique 
which  is  appropriate  for  volatile  signatures  of 
explosives  (generally  impurities  or  by-products  of  the 
manufecturing  process),  and  collection/desorption 
techniques  which  are  suitable  for  the  detection  of 
picogram  levels  of  less  volatile  vapors  (eg, 
nitroglycerine  and  TNT)  and  particles  which  have 
been  left  on  surfaces  during  the  concealment  of  the 
explosives  (eg.  RDX  and  PETN). 

The  CONDOR  sample  acquisition  equipment  is 
presently  optimized  for  both  methods  of  sample 
acquisition  in  an  air  cargo  environment.  A  sampling 
probe  is  fitted  with  a  specially  designed  brush  head 
which  in  turn  is  connected  to  a  cartridge  housing 
which  holds  the  collection  medium  (presently  a  "T"- 
shaped  device  which  contains  three  treated  quartz 
mesh  elements).  Air  is  drawn  tlirough  the  sampling 
probe  during  the  analysis  sequence  at  a  rate  of  2S 
1/sec.  All  the  sampled  air  passes  through  the 
collection  medium,  and  explosive  vapors  and  particles 
are  trapped  on  the  quartz  mesh  elements.  A  small 
fraction  of  the  air  is  passed  directly  into  the  ion 
source  region  of  the  MS/MS  system  where  it  is 
analyzed  instantaneously  for  the  presence  of  volatile 
explosive  signatures  (for  example,  MNT  and  EGDN). 
The  sampling  takes  place  by  passing  the  brush  head 
directly  over  all  available  air  cargo  surfaces  within  a 
container  or  on  a  pallet.  For  a  typical  air  pallet  the 
time  required  to  sample  all  surfeces  is  about  30 
seconds.  At  the  completion  of  this  30  seconds,  the 
collection  cartridge  is  removed  from  the  sampling 
probe  and  inserted  into  a  desorption  carousel  which 
is  attached  to  the  ion  source  of  the  CONDOR. 

A  second  method  of  collecting  involatiles  and 
particles  is  often  used  in  situations  vriiere  a  suspect 
cargo  is  located  at  a  considerable  distance  away  l^m 
the  CONDOR  unit.  A  self-contained  hand-held 
sampler,  complete  with  an  internal  battery  pack  and 
air  pump,  is  used  by  a  security  officer  to  sample  the 
surfiu»s  of  the  cargo.  The  collector  cartridge,  which 
is  housed  in  the  sampler,  is  returned  to  Ute  CONDOR 
and  thermally  desorbed  in  an  identical  manner  as 
described  above  for  samples  taken  using  the  internal 
CONDOR  pump. 

3.2  Sample  Analysis 

The  direct  air  analysis  is  very  straightforward  since 
all  the  incoming  air  is  in  vapor  form.  However,  the 
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collected  particles  and  less  volatile  vapors  uiust  he 
desorbed  (vaporized)  before  the  analysis  can  take 
place.  The  three  quartz  elements  of  the  collection 
cartridge  are  rotated,  in  turn,  to  a  desorption 
position.  In  that  position,  a  hot-air  blast  is  used  to 
vaporize  the  particles  on  the  mesh  and  pass  the 
resulting  vapors  into  the  ion  source  of  the  system. 

The  ionization  process  occurs  at  atmospheric 
pressure.  This  eliminates  any  need  for  membranes 
and/or  other  transfer  methods  into  an  ion  source  at 
lower  pressure.  The  advantages  to  this  technique  are 
higher  sensitivity,  higher  reliability  (minimal 
contamination  of  the  vacuum  system),  higher 
specificity  of  ionization  (lower  false  alarms)  and 
l^ter  throughput.  For  explosives  such  as  those  based 
on  RDX,  the  major  ion  is  a  chloride  ion  conqilex, 
which  is  formed  in  the  ion  source  from  all  the  species 
available  in  the  incoming  sample.  All  parent  ions 
formed  in  the  ionization  region  are  fed  into  the 
vacuum  chamber  of  the  instrument  for  separation  and 
subsequent  analysis. 

A  schematic  diagram  of  the  ion  source  and  mass 
spectrometer  is  shown  in  Figure  1.  A  series  of 
molecules  from  a  sample  are  brought  into  the  corona 
discharge  region  of  the  source.  Molecules  with 
certam  chemical  characteristics  are  ionized  (as 
indicated  by  the  dashed  circles).  The  majority  of  the 
molecules  in  the  air  stream  (for  example 
hydrocarbons)  are  not  ionized  and  are  removed  from 
the  source  via  a  suction  pump.  This  leads  to  a  first 
stage  of  selectivity  in  separating  out  unwanted 
potential  interfering  compounds.  The  ions  which  were 
formed  are  then  focussed  through  an  atmospheric 
pressure  to  high  vacuum  interface  region  into  the  first 
region  of  the  tandem  mass  spectrometer  (Ql).  In 
general,  explosives  are  monitored  as  negative  ions. 
For  several  of  the  explosives,  eg.  RDX  and 
nitroesters,  a  chloride  ion  is  used  to  ’cluster”  with 
the  explosive  and  provide  a  specific  complex 
[Thomson,  1980].  This  increases  the  selectivity  of 
the  ionization  process  and  increases  sensitivity. 

The  tandem  mass  spectrometer  provides  a  method  of 
rapidly  separating  parent  ions  of  a  particular  mass 
(using  the  first  of  two  quadrupole  mass  filters), 
fragmenting  the  selected  parent  ions  (in  a  collision 
chamber)  and  then  separating  out  specific  fragment 
ions  which  are  specific  to  the  explosives  of  interest 
using  a  second  mass  filter.  That  is,  many  other 
compounds  have  a  parent  ion  of  mass  257  (the 
chloride  complex  of  RDX),  but  none  are  known  to 


fragment  to  form  the  same  series  of  daughter  ions 
(fragments)  as  RDX.  The  first  quadrupole  is  tuned  to 
mass  257,  and  only  ions  which  have  a  molecular 
weight  of  257  are  allowed  to  pass  into  the 
fragmentation  region  (Q2).  The  impact  of  the  257 
ions  with  a  collision  gas  results  in  the  breakiq>  of  the 
257  parent  ion  into  a  series  of  daughters,  for  examine 
35,  46,  129  for  the  chloride  conq>lex  of  RDX.  The 
second  mass  analyzer  (Q3)  is  thmi  tuned  for  the 
specific  daughter  ions  of  RDX.  Only  those  ions 
which  start  as  mass  257  parents  and  then  fragment  to 
the  specific  RDX  daughter  ions  reach  the  detector. 

The  total  system  is  under  computer  control  and 
several  parent/daughter  ion  pairs  can  be  monitored 
simultaneously  (in  fmt  the  analysis  is  sequential,  but 
the  cycle  time  is  extremely  rapid).  The  measured 
intensities  of  the  various  ^ughter  ions,  which  are 
formed  from  the  selected  parent  ion  masses  and 
detected  on  the  electron  multiplier,  are  fed  into  a 
computer  for  subsequent  data  analysis. 

3.3  Data  Analysis 

The  selection  of  the  proper  ion  pairs  for  each 
explosive  species  is  critical.  The  daughter  ions  must 
be  present  at  high  intensity  levels  to  maximize 
sensitivity,  but  they  must  also  be  specific  to  maximize 
selectivity  (or  reduce  false  alarms).  Ideally,  the 
higher  the  number  of  daughter  ions  monitored  for 
each  explosive  of  interest,  the  more  selective  die 
analysis.  However,  the  rapid  vaporization  of  the 
collected  explosive  vapors  or  particles  does  put 
constraints  on  the  number  of  ion  pairs  viduch  can  be 
included  in  any  single  desorption  of  a  mesh  element. 
In  general,  two  or  three  ion  pairs  ate  sufficient  to 
produce  optimum  detection  criteria. 

Detection  is  based  on  a  comparison  of  the  observed 
intensities  of  all  ion  pairs  versus  a  threshold  value 
which  is  based  on  background  readings.  The 
threshold  is  generally  set  to  minimize  frdse  alarms 
while  maximizing  the  detection  of  explosives.  False 
alarm  rates  vary  with  the  application,  but  units 
presently  in  the  field  are  oriented  towards  a  O.IK 
frlse  alarm  rate  for  a  specific  contraband  item  (frdse 
alarm  rates  are  defined  as  the  number  of  frdse 
detections  versus  the  number  of  cargos  examined). 
For  example,  although  the  system  has  a  detection 
limit  of  less  than  a  picogram  of  RDX  udiea  dealing 
with  pure  standards,  the  thresholds  are  set  to  about 
ten  picograms  in  normal  operations. 
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3.4  An  Example  Result 

The  thermal  desorption  profile  of  one  of  the  early, 
but  critical,  results  obtained  using  the  approach 
described  above,  is  shovm  in  Figure  2.  In  1985, 
when  this  data  was  obtained,  it  was  believed  that  all 
explosives  could  be  detected  using  vapor  techniques 
if  instrument  sensitivity  and  sample  collection 
methods  could  be  improved.  A  sample  of  the  air  in 
an  automobile  trunk  was  sanqiled  four  hours  after  2 
Kg  of  a  PETN-based  explosive  (Hydromex)  was 
placed  in  the  trunk.  PETN  was  readily  detected  (as 
can  be  seen  by  the  high  intensity  reading  for  the  two 
ion  pairs  in  Figure  2.)  after  ^at  short  incubation 
period.  This  result  could  not  be  explained  based  on 
the  vapor  pressure  of  PETN,  and  indicated  that  some 
trace  particles  of  PETN  must  have  been  collected  as 
opposed  to  vapors.  Further  testing  supported  this 
hypothesis,  and  sampling  techniques  were  modiiled  to 
emphasize  the  collection  of  trace  particles. 

4.  REAL-TIME  SAMPLING 

The  normal  operation  mode  of  the  CONDOR  is 
oriented  towards  the  examination  of  I&O  cargo 
containers.  The  methods  of  sampling  and  data 
analysis  are  aimed  towards  a  throughput  of 
approximately  20  containers  per  hour.  A  modified 
version  of  this  approach  has  been  used  in  the  airport 
environment  in  various  trials,  where  pallets  or  air 
containers  were  sampled  in  a  batch  mode.  Although 
this  approach  provided  the  required  throughput  of 
baggage,  it  was  not  possible  to  rapidly  identify  the 
particular  suitcase  which  contained  contraband.  That 
is,  if  a  pallet  indicated  the  presence  of  contraband,  it 
either  required  a  manual  search  of  all  luggage  to 
determine  which  was  the  suspect  item,  or  required 
several  secondary  samples  taken  in  a  binary  search 
technique. 

The  Real-Time  Sampler  (RTS)  was  conceived  to 
overcome  the  difficulties  in  batch  mode  analysis  and 
to  orient  the  overall  system  more  to  the  needs  of 
baggage  examination.  The  sensitivity  and  selectivity 
of  the  RTS  mode  is  identical  to  the  conventional 
CONDOR  approach,  but  the  RTS  offers  significant 
throughput  advantages.  The  system  is  designed  to 
sample  up  to  20  items  per  minute,  but  has  a 
recommended  throughput  of  12  items  per  minute,  or 
720  per  hour.  Several  sampling  stations  can  be 
multiplexed  to  increase  the  tluoughput,  e.g.  three 
sanqrling  stations  would  provide  an  examination  rate 
of  over  2000  items  per  hour  for  a  single  CONDOR 
system. 


The  Real-Time  Sampler  consists  of  a  sanqrling  head, 
sampling  line,  collector  and  desorption  unit,  and  a 
monitor  which  displays  the  output  analysis  results  in 
a  histogram  format.  The  sampling  head  contains  a 
rotating  brush  to  maximize  the  removal  of  trace 
residues  for  the  exterior  of  baggage  or  other  Items. 
Rapid  air  flow  through  a  20  meter  smooth  bore 
sampling  line  minimizes  particle  loss  within  the  'abe 
and  provides  a  response  time  of  approximately  1  to  2 
seconds. 

The  collection  and  desorption  unit  of  the  RTS  is 
shown  in  Figure  3.  The  sampled  particles  removed 
from  a  suitcase,  or  a  similar  item,  are  decelerated  as 
they  approach  a  continuously  moving  collector  (belt) 
to  maximize  the  collection  efficiency  of  the  device. 
The  collected  particles  are  transported  along  the  belt 
and  enter  a  desorption  region  where  the  particles  are 
vaporized.  The  volatilized  sample  is  then  introduced 
into  the  ion  source  of  the  CONDOR  unit  where  it  is 
ionized  and  analyzed  for  the  presence  of  contmband. 
Non-volatilized  material  is  removed  from  the  belt  in 
a  cleaning  unit. 

The  display  on  the  monitor  is  an  output  of  the 
relative  intensities  of  the  signatures  for  various 
explosives  or  drugs.  If  all  the  signatures  for  a 
particular  target  compound  exceed  threshold,  then  an 
alarm  is  triggered  (audio  and/or  visual). 

Feasibility  testing  of  the  RTS  approach  was  carried 
out  at  Pearson  International  Airport'.  A  time-based 
output  for  the  screening  of  air  cargo  for  RDX-based 
explosives  is  shown  in  Figure  4.  Five  suitcases  were 
seeded  with  trace  levels  of  C-4  explosives  by 
touching  the  outer  surface  with  contaminated  hands. 
Four  fingerprints  were  place  on  each  of  the  suitcases 
in  locations  that  would  likely  contaminated  in  real- 
life  situations.  The  sample  throughput  was  1  suitcase 
every  three  seconds,  which  meant  that  only  2  of 
every  3  items  of  luggage  could  be  sampled.  Of  the 
five  suitcases  which  were  seeded,  three  were  sampled 
directly  on  one  of  the  fingerprints,  one  was  sampled 
several  inches  from  a  fingerprint,  and  one  suitcase 
was  not  sampled  at  all.  The  RDX  was  detected  in 
the  four  situations  where  the  suitcase  was  sampled. 

5.  SUMMARY 

The  major  performance  requirements  of  equipment 
used  in  the  detection  of  explosives  are  sensitivity, 
selectivity,  and  speed  of  analysis.  Mass 
spectrometry,  and  in  particular,  tandem  mass 
spectrometry,  readily  meets  all  of  these  requirements. 
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At  present,  the  conq>lexity  and  cost  of  mass 
spectrometry  based  systems  limit  the  market 
application  to  "high  risk"  situation.  However,  it  is 
anticipated  that  nwre  reliable,  and  more  cost  effective 
systems  will  allow  for  the  extension  of  the  technique 
to  a  much  broader  market. 
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NOTE 

L  The  trials  were  carried  out  during  November 
and  Dumber  of  1989.  A  report  is  available  to 
authorized  agencies  from  Ti  \nsport  Canada  or 
Canada  Customs, 
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Figure  1  A  Scbematic  Diagram  of  the  Ion  Source  and  Analysis  Region  of  an  API-based  Triple  Quadnipole  Mass 

Spectrometer. 


End  of 


ngiue  3  A  Sdiematic  Diagmn  of  the  Sample  Collection/Desorption  Region  of  a  Real-Time  Sampler. 


671 


Figure  4  Signal  versus  Tune  Piofiie  for  RDX  ObUined  During  the  Screening  of  Air  Cargo.  Five  suitcases 
(labeled  #1  duough  #5)  were  seeded  with  residues  of  C-4.  Suitcase  #1  was  not  sampled  due  to 
duouduHit  limitarinns,  suitcase  #3  was  sanq>led  several  inches  away  for  the  site  of  the  C-4  residue. 


MODIFICATIONS  TO  THE  IONIZATION  PROCESS 
TO  ENHANCE  THE  DETECTION  OF  EXPLOSIVES  BY  IMS 
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1.  INTRODUCTION 

The  ionization  of  trace  compounds  at  atmospheric 
pressure  in  plasma  chromatography  is  accomplished 
by  ion-molecule  reactions.  The  nature  of  the  ions 
formed  depends  on  the  type  of  reactant  ions  generated 
by  the  ionization  source  in  the  reaction  region  and  the 
operating  temperature  in  the  ionization  and  drift  tube 
regions. 

Using  °Ni  as  an  ionization  source  and  air  as  drift  and 
carrier  gas  the  free  electrons  are  converted  to 
primarily  (H20)m.0j‘  ions.  The  ion  chemistry  in  the 
lONSCAN  can  easily  be  modi  filed  by  changing 
reactant  ion  through  introduction  of  a  suitable  dopant 
to  facilitate  formation  of  molecular  ions  and 
molecule-ion  clusters  from  trace  compounds.  The 
types  of  ions  formed  from  several  explosive 
substances  and  taggants  of  interest  are  discussed  here. 

2.  lONSCAN  PRINCIPLE  OF  OPERATION 

A  commercially  available  instrument  from  Barringer 
Inc.,  shown  in  Figure  1,  is  based  on  an  ion  mobility 
spectrometer  (IMS)  as  a  detector.  The  basic 
principle  of  IMS  operation  is  well  reported  in  the 
literature  (Carr)  and  will  not  be  dwelt  on  here.  The 
major  differences  between  the  lONSCAN  and  other 
commercially  available  units  are  the  flexibility  in 
temperature  controls  in  three  regions:  sample 
desorption,  sample  transfer  line  which  is  connected  to 
the  reaction  chamber,  and  the  drift  tube. 

The  type  of  reactant  ion  can  also  be  easily  changed 
from  one  to  another.  An  independent  temperature 
control  of  the  desorber  and  ease  with  which  either 
liquid,  solid  or  preconcentrated  vapour  samples  can 
be  introduced  into  the  IMS  ionization  chamber  allows 
great  flexibility  in  studying  different  compounds  of 
interest. 

Results  from  lONSCAN  analyses  were  stored  on  a 
PC  for  further  data  evaluation  and  hard  copy  record. 


The  relevant  IMS  operating  conditions  are 
summarized  in  Table  1. 

Stability  of  formed  molecular-ion  clusters  can  be 
improved  for  some  compounds  by  lowering  IMS 
operating  temperatures. 

Formation  of  multiple  ions  from  a  molecular  species 
enhances  selectivity  in  the  identification  of  a 
particular  substance  in  the  presence  of  contaminants. 

3.  IONIZATION  PROCESSES 

The  IMS  detector  is  operated  in  the  negative  mode 
since  all  explosives  of  interest  form  stable  negative 
ions. 

The  important  ionization  processes  in  the  negative 
mode  are: 

•  Dissociative  electron  transfer 

•  Proton  transfer  (proton  abstraction) 

•  Ion-molecule  attachment 

3.1  Dissociative  Electron  Transfer 

The  major  reactant  ion  in  the  ionization  region,  when 
air  is  used  as  a  drift  gas,  is  the  hydrated  O^'  ion. 
Upon  introduction  of  a  chlorinated  hydrocarbon, 
dissociative  electron  transfer  lakes  place: 

Oj  -f  MO,  cr  +  MCI,,,  +  02  (1) 

3.2  Proton  Transfer 

Most  organic  compounds  do  not  readily  undergo 
direct  charge  transfer  reactions,  especially  in  the 
presence  of  an  ion  with  high  proton  affinity.  Proton 
transfer  reactions  are  more  common  in  the  negative 
mode  than  charge  transfer.  Proton  transfer  (or  a 
proton  abstraction)  reactions  are  based  on  gas  phase 
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acidities.  The  ion-molecule  reaction  proceeds  as, 

M  +  Cl-  -  (M-H)-  +  HCl  (2) 

3.3  Ion-Molecule  Attachment 

Several  small  ions,  and  especially  halide  ions,  can 
undergo  a  clustering  reaction  with  a  trace  compound. 
Theoretically,  halide  attachment  reactions  should 
occur  with  almost  all  organic  compounds.  However, 
not  all  cluster  ions  can  survive  at  high  temperature 
and  pressure.  If  the  ion  attachment  product  is  weakly 
bound,  it  will  fall  apart  in  the  drift  region  before  it 
reaches  the  collector.  A  strongly  bound  ion-molecule 
cluster  is  formed  due  to  covalent  sharing  of  the  acidic 
hydrogen.  When  interaction  is  strictly  electrostatic 
the  cluster  will  not  normally  survive.  Decreasing  the 
operating  drift  tube  temperature  improves  stability  of 
weakly  bound  ion-molecule  clusters. 

4.  EXPLOSIVE  ION  IDENTIFICATION 

The  analyses  of  the  explosive  compounds  were 
carried  out  on  the  lONSCAN  manufactured  by 
Barringer.  The  explosives  and  proposed  taggants 
investigated  were;  dinitrotoluene  (DNT), 
mononitrotoluene  (MNT),  trinitrotoluene  (TNT), 
cyclonite  (RDX),  pentaerythritol  tetranitrate  (PETN), 
ethyleneglycoldinitrate  (EGDN),  nitroglycerin  (NG), 
tetranitramine  (HMX),  trinitrophenylethyl  nitramine 
(tetryl),  and  dimethyidinitrobutane  (DMDNB).  The 
explosive  analytes  used  for  the  study  were  pure 
analytes  supplied  by  Standard  Analytical  Reference 
Materials  (SARMs).  The  IMS  operating  conditions 
are  summarized  in  Table  1. 

Although  the  IMS  operating  temperature  was  varied 
between  290“C  and  50^,  results  from  only  three 
temperatures  will  be  reported  here  (SO,  100  and 
260»C). 

4.1  High  Operating  Temperature 

At  260°C  single  molecular  ions  were  observed  from 
DNT,  RDX,  TNT  and  HMX.  Based  on  ion 
identification  for  TNT  and  DNT  reported  in  literature 
and  reduced  mobilities  of  Cl'  and  NOs'  (Asselin, 
1978,  Wemiund,  1978,  Spangler,  1976)  the  ions 
formed  from  the  above  explosives  are  believed  to  be 
(M-H)'  ions.  At  high  operating  temperature  no 
changes  in  reduced  mobilities  were  observed  by 
replacing  Cl'  reactant  ion  with  0,'  ion. 

EGDN,  PETN  and  NO  were  detected  only  as  NO,' 


ion.  Results  from  these  studies  are  summarized  in 
Table  2. 

4.2  Medium  Operating  Temperature 

At  an  operating  temperature  of  100°C  all  of  the 
explosive  substances  tested  were  detected  as  proton 
abstracted  molecular  ions.  In  addition  to  the  proton 
abstracted  molecular  ion,  ion-molecular  clusters  were 
also  formed  for  all  explosive  substances  investigated. 
However,  for  TNT  and  DNT,  an  ion-molecule  cluster 
was  detected  only  at  high  concentration  (nanogram 
concentration). 

A  typical  plasmagram  for  RDX  is  shown  in  Figure  2. 
RDX  gives  rise  to  four  different  ions.  TTie  ion 
denoted  by  peak  S  is  due  to  proton  abstraction,  while 
peaks  2  and  3  are  molecule-ion  clusters  with  chloride 
and  nitrate  ions,  respectively.  Peak  4  becomes 
prominent  at  higher  concentration  and  the  ion  is 
believed  to  be  clustering  of  an  RDX  molecule  with  an 
(RDX-NOj)'  ion.  When  O,'  is  used  as  a  reactant  ion 
a  peak  2  shifts  to  longer  drift  time  and  it  would 
appear  to  be  due  to  RDX.(H20.02)'  ion  cluster. 

To  confirm  the  origin  of  peak  3,  chloride  reactant  ion 
was  replaced  with  NO,'  reactant  ion.  Under  these 
conditions  the  only  peak  observed  from  RDX  is  peak 
3  as  is  seen  in  Figure  3. 

Similar  ion  formation  patterns  were  observed  for  NG, 
PETN,  HMX  and  Tetryl.  In  the  case  of  Tetryl  an 
additional  peak  was  detected  with  an  ion  mass 
corresponding  to  (M-NOj)'. 

When  commercial  explosives  are  examined,  the  peak 
associated  with  the  NO,'  clustering  is  much  more 
prominent  than  for  the  pure  analyte;  this  is  especially 
true  for  explosives  containing  PETN.  This  is  due  to 
partial  decomposition  of  PETN  resulting  in  NO,'  ion 
presence  in  the  reaction  chamber  and  thus  enhancing 
the  formation  of  the  ion-molecule  cluster  associated 
with  the  NO,'  ion.  An  example  of  the  above  is 
shown  in  Figures  4  and  S. 

An  RDX-based  plastic  explosive,  such  as  C-4, 
appears  to  be  more  stable  and  very  little  NO,'  ion  is 
ol^rved,  although  more  than  in  pure  analyte. 

4.3  Low  Operating  Tcmptfature 

At  an  operating  temperature  of  1(X)°C  the  two 
proposed  explosive  taggants,  EGDN  and  DMDNB, 
could  not  be  detected.  By  lowering  the  IMS 
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operating  tempentue  to  S0”C  the  two  taggants  were 
easily  detect^.  All  other  explosives  previously 
mentioned  showed  the  same  basic  ion  pattern 
observed  at  100°C. 

The  two  peaks  observed  for  EGDN  are  associated 
with  chloride  and  nitrate  ion  attachment  to  the  EGDN 
molecule.  The  intensity  of  the  nitrate  peak  is  about 
one  third  of  that  of  EGDN.  Cf  ion  when  pure  EGDN 
is  used.  The  EGDN  plasmagram  is  shown  in  Figure 
6.  Traces  of  NO  (peaks  8  and  9)  are  observed  in  this 
record. 

Increasing  traces  of  the  NO,'  ion  concentration  in  the 
reaction  chamber  enhances  EGDN.NO/  formation; 
however  rq>lacing  Cl*  reactant  ion  with  NOj*  ion 
resulted  in  almost  complete  disappearance  of  both 
EGDN  ions.  Similar  results  were  obtained  with  NG 
at  100°C  and  S0°C  IMS  operating  temperatures. 

The  ions  observed  from  DMDNB  are  proton 
abstracted  ions,  and  chloride  and  nitrate  ion 
attachment.  The  effect  of  the  NO}'  ion  concentration 
in  the  reaction  chamber  was  similar  to  that  of  EGDN 
and  NO. 

4.4  Ion  Mass  Identification 

The  Inferred  chemical  identity  of  the  ion  formed  from 
different  explosives  or  explosive  taggants  was  based 
partially  on  previously  identified  ions  in  the  literature 
using  IMS/MS  and  by  enhancing  peak  intensity  by 
changing  the  reactant  ion  in  the  ioniation  chamber. 
In  addition  to  the  above  a  plot  of  drift  time  as  a 
function  of  ion  mass  was  used  to  infer  mass  of  other 
ions  that  could  not  be  identified  otherwise.  The  drift 
times  at  different  temperatures  were  normalized  to 
the  drift  time  of  (TNT-H)'  at  lOOK^.  Reduced 
mobilities  were  also  calculated  based  on  measured 
drift  times  and  assumed  reduced  mobility  for  (TNT- 
H)'  to  be  1.450  cm*V’'s''.  This  value  of  reduced 
mobility  was  arrived  at  from  calculations  at  high 
temperature  (260*C)  and  assuming  (K^NO)'  ■  2.44 
and(K^*  -  2.74  cm  W. 

From  the  original  theory  by  McDaniel  the  ion 
mobility  is  given  by: 

K-lfi  i  +1V'*  M 

16Nlm  Ml  IW/  Wo 


where  K  -  ion  mobility,  and  determines  the 
drift  time  for  a  given  drift  distance, 


temperature  (T),  pressure  (gas 
density,  N),  electrostatic  field  (e  - 
the  charge  on  the  ion) 

M  -  is  the  mass  of  the  neutral  drift  gas 
molecules 

m  -  is  the  ion  mass 

oio  -  is  the  average  collision  cross  section 

From  the  above  equation  a  non-linear  relationship  is 
seen  between  ion  mobility  and  mass. 

A  semilogarithmic  plot  of  reduced  mobility  as  a 
function  of  ion  mass  should  produce  a  straight  line. 
A  semilogarithmic  plot  of  K*'  as  a  function  of  M/Z 
did  not  result  in  a  straight  line.  However,  a  plot  of 
K*'  or  tQ  as  a  function  of  ion  mass  produced  a 
reasonably  straight  line  over  a  wide  range  of  ion 
mass.  The  breakdown  appears  to  occur  at  mass 
around  ICO  Daltons  and  also  for  very  large  ions.  For 
very  large  ions  there  is  some  doubt  as  to  their 
identity. 

Ion  drift  time  data  and  the  related  reduced  mobilities 
calculated  from  the  equation  (4)  are  summarized  in 
Table  2  for  a  number  of  explosives  and  explosive 
related  compounds. 

The  reduced  mobility  can  be  calculated  from  the 
measured  drift  time  as  follows; 

Ko  »  SLLI _  (4) 

B  Ti  P,T  to 

where  >  is  the  reduced  mobility 

<cm*V'8') 

d  -  is  the  drift  tube  length 

Tq,  Pq  -  standard  temperature  and  pressure 
273’K  and  760  torr  re^MxUively 

P  -  is  the  operating  pressure,  which 
is  the  atmoiq>beric  pressure  at  the 
time  of  plarunagram  geneiatioo 

E  •  is  the  electric  field  strength  in  the 
drift  tube  (V/cm) 

to  -  is  the  measured  drift  time  from 
the  middle  of  the  gating  pulse  in 


674 


T  -  is  the  drift  tube  temperature. 

Some  variations  in  the  reduced  mobility  with  IMS 
temperature  have  been  observed  for  some 
compounds.  Almost  no  variation  was  observed  for 
(TNT-H)'  ion  (about  1  %)  throughout  the  ten^wrature 
range  studied.  Variations  observed  were  random  and 
probably  are  due  to  inaccuracies  in  the  drift  tube 
temperature  reading  rather  than  the  reduced  mobility 
itself.  Based  on  IMS  operating  conditions  and  the 
drift  tube  length  the  reduced  mobility  for  the  (TNT- 
H)'  ion  was  found  to  be  1.390  cm^V''8''.  In  column 
S  of  Table  3,  reduced  mobilities,  calculated  from  the 
equation  (4)  using  measured  drift  times,  drift  tube 
length  and  the  operating  parameters  are  given  for  a 
number  of  ions  observed  in  this  study. 

5.  CONCLUSIONS 

A  thorough  understanding  of  the  physics  of  plasma 
chromatography  requires  further  fundamental 
research  work  into  t^  nature  of  the  ion  molecule 
reactions  and  development  of  an  ion  mobility  theory. 
If  one  deals  with  compounds  of  simitar  stnictuie  and 
properties,  a  direct  relationship,  to  a  first  degree  of 
approximation,  between  inverse  of  reduced  mc^ty, 
or  drift  time,  and  ion  mass  can  be  aanimed. 

In  the  drift  region,  ions  may  undergo  a  variety  of 
reactions  with  molecules  of  the  drift  gu  and  trace 
impurities  introduced  with  air  and  sample.  Hie  types 
of  ioiMnotecule  clustering  proceiaea  that  may  t^ 
place  in  the  drift  tube  ngtoo  are  also  influent  1^ 
the  operating  temperatures.  Qumge  in  drift  tube 
tempMature  may  emphasixe  some  intmactions  and 
reduce  others,  rating  in  either  totally  difforent  kms 
or  the  same  ion  but  with  a  slightly  diftbrent  drift 
tine.  For  example,  tracna  of  uwter  in  the  drift  gas 
affect  reduced  inobUities  of  some  compounds  more 
than  others.  Hence,  it  is  usually  imposaible  to 
identify  the  ions  that  are  collected  at  the  end  of  the 
drift  tube  with  certainty  unless  an  auxiliary  maas 
xpectrom^  is  used. 

In  cases  vriime  multiple  ions  are  formed  from  one 
molecular  species,  the  ion’s  identities  may  be  iirfented 
using  a  tuimler  of  approaches.  Using  literature 
values  for  the  species  as  a  starting  point,  the  ion 
chemistry  can  be  modified  using  different  reactants 
giving  rise  to  preferential  formation  of  one  or  more 
of  the  other  ions,  and  thus  identity  may  be  inferred 
from  the  pattern  of  ion  formation.  In  addition, 
literature  values  of  related  compounds,  similar  in 
structure,  and  properties  can  be  tfliliand.  Finally,  a 


plot  of  drift  times  or  inverse  reduced  mobilities  as  a 
function  of  M/Z  is  very  useful  in  estimating  ion 
masses. 

By  adjusting  operating  IMS  parametme  and  by 
modifying  ion  chemistry  (changing  reactant  ion)  it  is 
possible  for  many  compounds  to  form  more  than  one 
type  of  ion  from  the  same  parent  molecular  qiecies. 
Although  this  inherently  reduces  sensitivity,  the 
qjecificity  for  identiflcatioo  of  a  particular  con^und 
in  the  presence  of  impurities  improves  greatly. 
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TABLE  1 

IMS  OPERATING  PARAMETERS 


1 

200  (xs 

1  Single  scan  duration 

24  ms  (26  ms  for  SO'C) 

Sample  desorber  temperature 

210*C 

Transfer  line  temperature 

50*C  to  290*0  1 

Data  acquisition  interval 

25x8  1 

Carrier  and  drift  gaa 

prepurified  room  air  | 

Drift  tube  T  *  C 

Q2[QQ|||||||||||||[|||||^ 

Drift  tube  length 

7.0  cm 

Drift  field 

180  to  230V/cm 

676 


7T7nK-!i^'t  i^v-un  !o  tori* «  »j  1  i  rTTi*  r 
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dmdnb.no,- 
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EODN.NO,' 


(NO-H)- 


NO.a 


NO.NO,' 


(RDX-H)' 


RDX-O' 


RDX.NO^- 


ROX.IRDX.ar 


(Tetiyl-NOi)- 


T*ttyl.NO, 


TeuyJ. 


(Ttfiyl-NOi) 


(HMX>H) 


HMX.a 


HMX.Nd»‘ 


(PETN-H) 


PETN.CI 


PETN.NO, 


PETN.ao, 


c 

100*C 

mm 
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my 


fflinor 


myor 


tlBC« 


myor 


At  high  cooc. 


tnimr 


ffliyor 


minor 


aottected 


amor 


tnc« 


nmor 


at  high  cone. 


not 


ma|or 

not 

miaor 

minor 

major 

mi|jor 

minor 

fliinof 

tnee 

traoa 

major 

OM^ 

miaor  to  major 

miaor  to  mi^ 

at  high  cone. 

athighcoBO. 

ttac* 

trace 

mi^ 

mt^ 

mtaor  loemjor 

odaortoamjor 

at  high  cooc.  I  at  hi|^  cuae. 


itaco 


trace 


OH^Ot 


tttaor  to  aaajor  j  aaiaor  to  omior 


ao|or 


oioor  to  aaiyor 


amor 


not  observed 


not 


detected 


aoNO,’ 


tota^ 


Table  3> 


WZ 

% 

^  1 

Ion 

Daltons 

on^NT's^  I 

a 

35 

6.77 

2.743 

3.007 

Qj 

70 

9.03 

2.223 

2.437 

Ei0.a- 

53 

7.99 

2.513 

2.755 

*NO, 

62 

8.23 

2.440 

2.675 

HjO.Oi* 

68 

9.16 

2.194 

2.406 

CO,- 

82 

9.54 

2.107 

2.310  1 

H50.NO, 

too 

10.98 

1.935 

2.012  1 

(m-MNT-H)- 

136 

12.66 

1.587 

1.740  1 

m-MNT-Cr 

172 

13.67 

1.470 

1.612 

ni-MNT.NO,' 

199 

14.56 

1.380 

1.513 

(DNT-H) 

181 

12.80 

1.569 

1.672 

DNT.a- 

216 

13.97 

1.438 

1.577 

'‘(DMDNB-H)- 

176 

13.14 

1.556 

1.706 

DMDNB.a 

211 

13.85 

1.450 

1.590 

1  DMDNB.NO,- 

238 

14.47 

1.388 

1.522 

1  ^EGDN.a- 

187 

13.14 

1.528 

1.675 

1  EGDN.NO,- 

214 

13.93 

1.438 

1.597 

1  (NG-H)- 

227 

13.85 

1.450 

1.590 

NG.Cl 

262 

14.94 

1.345 

1.475 

NG.NO; 

289 

15.66 

1.283 

1.407 

(TNT'H)- 

227 

13.85 

1.450 

1.590 

TNT.(TNT-NO:)- 

410 

18.61 

1.070 

1.173 

1  Based  on  TNT  (to  =>  13.85  ms,  Ko  =  1.45  cm^‘'s‘') 

2  Calculated  from  instrument  and  operating  parameters 

3  Observed  at  high  drift  tube  temperature 

4  Observed  at  .<w  drift  tube  temperature 
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15.28 


1.316 


1.443 


HMX.a* 


hmx.no,' 


331 
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lONSCMf  SupM:  HN03-C-4  CIs:  EXP  Wind:  1.25  -  l.B7(s) 
ttUmiNGER  Plasaagraa  Sample:  C-i  traces  on  filter  exposed  to  HN03 


irt.'fc 


Plasmagram  of  RDX  with  nitra^  as  a  major  reactant  ion 
operatinq  tenperature  of  100  C. 


lOnSCMl  Supid:  Sntex-H  Cls:  EXP  Uind:  0.68  -  1.35(s) 
PlasMprw  Saaple:  Seitex-H  coNMercial  explosive 
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1.  INTRODUCTION 

Previous  investigations  of  explosives  by  conventional 
mass  spectrometry  using  electron  impact  (El) 
ionization  have  shown  that  the  explosives  underwent 
extensive  fragmentation  and  did  not  provide 
molecular  weight  information  (Bulusu  et  al,  ^hulten 
et  al,  Yinon  et  al,  and  Zitrin  et  al).  We  wish  to 
present  the  Fourier  Transform  Ion>Cyclotron 
Resonance'Mass  Spectrometry  (FT-ICR-MS) 
investigations  of  RDX  (l,3,S«triDitro*l,3.S 
triizacyclohexane),  PETN  (Pentaerythrilol 
tertranitrate)  and  TNT(l,3,S-Trimtro  tdiuene). 

The  theory,  instrumentation  and  methodology  of 
FTMS  have  betrn  described  in  detail  elsev^bere 
(Lehman  et  d,  Wanczek  et  al,  Parisod  et  al,  Ohaderi 
et  al,  Johlman  et  al,  and  Welter  et  al). 

All  experiments  are  carried  out  uaing  an  Extrel 
FTMS-IOOO  equipped  with  a  Tachisto  21SO  pulsed 
CO}  laser  and  a  S.08  cm  cubical  wll.  El  and  self¬ 
chemical  iooiiation  (SCI)  spectra  are  obtained  at  SO 
eV  electron  energy,  electraii  capture  (EQ  spectra  at 
0.2  eV.  A  delay  of  3  ms,  SOO  ma  and  ^  ms  was 
tdlowed  between  ton  excitation  ard  detection  in  El, 
SCI  and  EC  respectively.  In  laser  desorption 
ionization  (LOI)  a  delay  of  5  seconds  was  iairothiced 
to  allow  most  of  die  neutrals  to  be  pumped  away. 
The  at  I0.6n  m  with  repetition  rate  of  2 

per  second  delivering  approximately  1(P  Watts/cm*  in 
4S  ns.  Other  details  may  be  feimd  in  our  earlier 
publication  (Weller  et  al). 


2.  RESULTS  AND  DISCUSSION 

Positive  ion  electron  impact  mass  qiectrum  of  RDX 
from  FT-ICR-MS  is  similar  to  those  from  previous 
reports  (Bulusu  et  al).  Under  El  conditions,  RDX 
undergoes  extensive  fragmentatioo  giving  little 
(<S%)  or  no  molecular  ion  peak  intensity.  The 
electron  capture  (EQ  mode  spectrum  was  found  to 
contain  less  fragmen^on;  (EQ  was  more  sensitive 
than  El. 

FT-ICR-MS  switches  easUy  from  El  to  EC,  to 
chemical  ionization  or  to  later  desorptioo  iooiiation 
modes.  An  unique  feature  of  FT-ICR-MS  is  that 
SCI  does  not  require  external  reagent  gas.  Positive 
ion  SCI  spectrum  of  RDX  gives  a  baae  peak  of 
pseudomolecular  ion,  [M  thus  the  idei^ty  can 
be  establiiihed  by  the  molecular  mass. 

Soft  tooi  ration  mode  such  u  LDI  is  desirable  for 
compounds  like  RDX,  PETN  and  TNT  that  are 
thenmUy  labile.  PosiUve  ion  LDl/FT-ICR-MS 
spectrum  of  RDX  gives  pseudomolecular  ions, 
(M  ^Nal*  and  (M  Negative  ion  LDI  of  RDX 

gives  mono  and  dimeric  adduct  peaks  at  m/a  26S 
{ (M-fNO,)^  }  and  ffl/z490  {(2M-fN0i)*}.  LDI  of 
TNT  and  PETN  alto  gives  chaiacterislic 
pseudomolecular  ions.  Widi  lelaiive  ease  of 
twifohingfrom  ■fveto-vesaode.thecomiiinaiionof 
El,  EC,  and  LDI  modes  provides  an  excellent  mefood 
to  study  the  deoompositkio  temperature  of  RDX. 
Thus,  from  -4$*  C  to  O*  C  ,  no  vapor  of  RDX  was 
dstected  by  El  and  EC  modes.  However,  the 
presence  of  frozen  RDX  can  be  indicated  Ity  its  LDI 
qpectra.  RDX  vapor  be^  to  appear  at  lemjietatttreB 
bij^  than  0*  C  as  indirairid  tty  dm  presence  of 
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characteristic  peaks  at  m/z  46, 102  and  129  in  the  EC 
q)ectfum.  At  temperatures  higher  than  100°  C,  RDX 
appeared  to  decompose,  as  indicated  by  the  increase 
of  peak  intmsity  at  m/z  46  (NO^. 

Preliminary  studies  of  PETN  and  TNT  gave  similar 
observations;  thus  FT-ICR  mass  spectrometry  is  one 
desirable  method  of  characterization  of  trace  amounts 
of  RDX,  PETN  and  RDX. 
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1.  INTRODUCTION 

Many  nations,  including  the  United  States,  have  been 
prime  targets  of  international  terrorism  for  many 
years.  The  bombings  of  the  U.S.  Embassy  and  the 
U.S.  Marine  Barracks  in  Beirut  in  1983,  and  the 
destruction  of  Pan  American  Flight  103  over 
Lockerbie,  Scot*^  in  December,  1988  are  grim 
reminders  or  terrorism  in  recent  years.  Tbeae 
criming  acts  have  prompted  the  need  for  the 
'Lvelopment  of  innovative  methods  of  explosives 
detection.  As  part  of  an  ongoing  research  effort,  ttie 
FBI  Laboratory  has  been  evaluating  new  technology 
and  the  innovative  adaptation  of  existing  technology 
for  use  in  counterterrorism  and  counternarcotics 
investigations. 

Ion  mobility  qiectrometry  (IMS),  fust  introduced  m 
1970  (1)  is  currently  experieociBg  a  resurgence  of 
interest  as  a  specific  purpose  detection  system. 
Because  of  the  exceedingly  low  vapor  pressure  of 
exfdosives  (ppm  to  ppt)  (2),  the  del;^on  of  plastic 
explosives  by  vapor  methods  alone  has  been  difficult 
We  have  been  examining  the  applkatioo  of  an 
lonscan  Model  200  by  Barringer  Instruments,  Inc. 
(South  Plainfield,  NJ),  in  detection  of  modern 
explosives  in  a  variety  of  scenarios  of  forensic 
interest  by  collecting  particulate  matter. 

The  IMS  has  many  of  the  advantages  of  conventional 
laboratory  instruments  such  as  good  semtitivity, 
selectivity,  speed,  size,  and  ease  of  use.  This  ease  of 
use  and  portalNlity  permit  operatioo  in  reel  world 


Forensic  applications  of  IMS  technology  from  1970 
to  1989  have  been  thoroughly  reviewed  by  Karpes 
(3).  Much  of  the  earlier  woric  on  the  finei^ 
applications  of  IMS  technology  focused  on  the 
lateratory  feasibility.  Recently,  an  IMS  detection 
system  has  been  used  to  test  for  drug  micro¬ 
particulates  on  evidentiary  material  (4,5)  and  in 
customs  scenarios  (6).  Explosives  dete^on  by  IMS 
on  evidentiary  materials  (7,8)  has  been  presented. 

1.1.  Tsdmiqun 

The  IMS  (Figure  1)  consists  of  two  main  srass:  the 
reaction  ri^oo  and  the  drift  region.  In  the  reaction 
region,  atmospheric  pressure  carrier  gas  (purified 
air),  hexachloroethane  (C]H|),  die  resctant  ps  and  4- 
nitrobenzooitrile,  an  interiial  calibnnt  an  ionized  Iqr 
a  *’Nibda  emitter  to  form  ions.  The  reactive  O' 
ions  or  reactant  ions  foen  undergo  ion/moleculs 
nactions  with  an  explosive  molecule  (M): 

Electron  Attachment: 

M  +  a‘  —>  M-  +  a 

Proton  Ahstnctiont 

M  +  a- - >  (M-H)‘  "fKa 

Chlotide  Attachment: 

M  +  a- - >(M+a)“. 

The  explosive  molecules  also  undergo  other  ion 
formittg  reectiona  such  as  adihict  fbmelioe  and 
dissociation  reactions.  The  exact  nature  of  dm  speciea 
formed  in  the  IMS  under  these  conditkms  is  adU 
under  inveadgation  and  can  only  be  dsdaively 
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determined  using  an  IMS/MS  combination.  Karpas 
has  reviewed  the  ionization  of  explosives  in  IMS 
under  a  variety  of  operating  conditions  (3).  For 
routine  use  however,  under  a  given  set  of  instrument 
conditions,  the  resulting  spectra  are  reproducible. 
From  a  practical  standpoint,  the  negative  ionization 
provides  a  high  degree  of  specificity  because  only 
electronegative  compounds  are  ionized. 

Under  the  influence  of  an  electric  field,  the  mixture 
of  reactant  and  product  ions  reaches  a  shutter  grid 
that  separates  the  reaction  region  and  the  drift  region. 
The  shutter  grid  is  made  of  sets  of  thin  mesh  wires 
with  a  voltage  bias  between  them.  When  the  shutter 
grid  is  “on"  (with  bias  voltage  applied),  the  ions  are 
attracted  to  the  gating  grid  and  lose  their  charge.  For 
a  brief  amount  of  time  the  grid  is  turned  “off*.  Ions 
are  then  transmitted  into  the  drift  region  of  the  cell. 

In  the  drift  region  an  electric  field  gradient  is  applied. 
The  ions  migrate  through  the  electric  field,  but  at  the 
same  time  are  hindered  by  die  countercurrent  drift 
gas.  The  smaller,  compact  ions  have  a  higher 
mobility  than  the  heavier  ions,  and  therefore  travel 
the  region  and  collide  with  the  electrometer  plate  in 
a  shorter  time.  With  the  aid  of  a  microprocessor,  a 
plot  of  ion  current  intensity  versus  the  time  elapsed 
from  the  opening  of  the  shutter  grid  gives  the 
mobility  spectrum  (plasmagram). 

U.  Theory 

The  drift  velocity,  v^,(Qm/s)  of  an  ioa  traversing 
through  an  electric  field,  E,  (V/cm)  is  as  follows: 

v^  -  K£ 

where  the  proportionality  constant,  K.  is  the  mobility 
of  the  ion. 

If  t  is  the  required  time  (sec)  for  the  ion  to  travel  the 
drift  legioo  length  (cm),  d,  at  this  velocity,  and  the 
drift  velocity  is  the  drift  length  divided  by  the  drift 
time,  then 

K  d/(Ei) 

In  goeral,  for  a  given  temperature,  T,  (Kelvin)  of 
the  drift  gaa  and  prusure,  P.  (lorr)  the  mobility  is 
given  as  reduced  mobility.  K«.  in  tbe  form  of 

K,-  |d/(El)l  (273/D  (P/760) 


With  a  given  set  of  electric  field  gradient, 
temperature,  and  pressure  conditions,  the  product  of 
the  reduced  mobility  and  the  drift  time  of  an  ion,  K^t. 
is  a  constant.  When  leduced  mobilities  are  calculated, 
the  internal  calibrant  is  used  to  calibrate  the 
plasmagram.  A  channel  ratio  of  the  sample  mobility 
versus  the  mobility  of  the  calibiant  corrects  for  any 
drift.  The  instrument  conditions  for  our  experiments 
are  shown  in  Table  1. 

2.  RESULTS  AMD  DISCUSSION 

2.1.  IMS  Spectra  and  Limits  of  Detection 

Standards  with  concentrations  of  1  ng//iL  and  100 
pg/pL  were  prepared  of  TNT,  RDX,  PETN,  NO, 
and  NH4NO,,  and  placed  on  the  teflon  membrane 
filter  with  a  microliter  syringe.  The  appearance  of  the 
ions  and  their  limit  of  detection  for  these  five 
common  explosive  components  are  shown  in  Table  2. 
They  were  found  to  range  from  200  pg  to  80  ng.  The 
plasmagram  for  RDX  and  PETN  are  shown  in 
Figures  2  and  3,  respectively.  To  reduce  the  chance 
of  false  alarm  two  of  the  three  peaks  for  RDX, 
PETN  and  NG  must  be  detected  before  the  audible 
alarm  will  sound. 

2.2.  Iliind  and  Surface  Contamination 

Contamination  of  the  hands  has  been  shown  to  occur 
after  handling  commercial  and  military  explosives 
(9).  T&e  persistence  of  these  explosives  on  hands  and 
evidence  of  contact  transfer  is  well  documented  in 
forensic  sciences  (10. 1 1).  IMS  can  be  used  to  identify 
explosives  on  suspects  or  on  their  belongings.  This 
evidence  can  provide  probable  mm  for  a  search 
warrant,  help  identify  a  potential  terrorist,  and  locate 
explosives. 

For  (his  uperiment  a  subject  touched  €4  (RDX).  He 
then  enacted  several  normal  stages  in  operating  a  car, 
including:  opening  and  closing  the  hood,  the  driver 
side  door,  the  trunk  and  handling  ilm  steering  wheel, 
gearshift  and  keys. 

Samples  were  collected  before  and  after  the  contact 
transfer  from  each  of  the  touched  areas  of  the  car  and 
from  the  subject's  hamts  by  vacuuming  onto  a 
mendMine  filler  disk.  Each  disk  was  then  placed  over 
the  desoipUon  heater  (Figure  I)  and  tbennally 
desorbed  into  the  IMS  for  analysts. 
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Careful  procedures  were  follov/ed  to  ensure  that  no 
cross  contamination  occurred  by  changing  the  sample 
nozzle  and  verifying  that  the  sample  disks  and  the 
IMS  were  clear  of  explosives  before  sample 
collection. 

As  shown  in  Table  3  the  car  surfaces  and  hands  were 
negative  for  RDX  prior  to  touching  the  explosive. 
After  contact,  all  touched  areas  showed  easily 
detectable  RDX  residue.  In  a  sqiarate  experiment, 
after  handling  C4,  eight  consecutive  hand  washings 
with  soap  and  water  were  required  before  the  IMS 
could  no  longer  detect  the  RDX. 

2J.  Post  Blast  Residue 

With  increased  terrorist  activities,  improved  and 
accurate  analysis  of  postblast  residues  has  become 
vital  in  bombing  investigations.  The  first  question 
often  posed  by  an  investigator  following  a  blast  is, 
What  was  the  explosive?  The  analysis  may  provide 
the  link  between  a  suqwct  and  the  type  of  explosive 
used.  Yelverton  has  demonstrated  the  detectioo  of 
post-blast  RDX  vapor  using  a  quartz  tube  pre- 
concentrator  and  IMS  (12).  Because  it  has  portability, 
the  IMS  can  be  taken  to  the  location  of  the  bombhig 
for  preliminary  analysis  to  aid  law  enforceineot 
investigators. 

We  conducted  a  series  of  postblast  residue 
experiments  the  results  of  which  are  summarized  in 
4.  Samples  were  ccdlected  by  a  vacuum,  and 
the  IMS  was  cleared  between  samples  by  luanini  a 
blank. 

Four  improvised  explosive  devices,  pipebombs,  were 
prepared.  The  pipas  contained  HeroUes  Green  Dot 
end  Scott  Royal  double-baaed  ssaokeleaa  powder, 
Pyrodex  (e  black  powder  aubidituie)  end  black 
powder.  Following  detonation,  fragmenuof  tbepipet 
were  recovered  for  analysis.  Bodi  pipes  containiaf 
tbe  double  baaed  smoltel^  powder  alwmed  poiilive 
for  nitroflycerine.  Figure  4  ahows  tte  NO 
|datfflB|fim  from  a  aegment  of  the  pipe  which 
conudned  Green  Dot  douMe-baaed  mnokeleaa  powder. 
The  fregmeota  of  pipe  from  the  pyrodex  and  black 
powder  devrees  were  nepUve. 

Tim  escond  experiment  involved  postblast  rteelplatei. 
SesBlex  (FBTN  end  RDX),  C-4  (RDX),  DeU  Sbeel 
(PETN).  Fowennax  (an  Atlas  Powder  emulsion 
explosive),  and  Tieodurite  (a  Diqront  water  gel)  were 
placed  on  top  five  clean  steel  plates  on  tbe  ground 
and  detonated  in  the  open  were 


collected  vacuuming  the  plates. 

The  looscan  alarmed  for  PETN  frmn  the  Deta-Sheet 
steel  plate,  and  for  ammonium  nitrate  on  the 
TrencUte  plate.  The  lack  of  explosives  op.  three  of 
the  plates  c^d  have  been  because  of  the  hi^  beet  of 
the  blast  and  tbe  lack  of  available  material  in  the 
environment  for  condensation  of  expl  vaives  vapor  or 
trailing  particles.  This  explanatioa  seema  reasonable 
considering  the  following  experiment  involving  C-4 
in  a  closed  suitcase  full  of  clodiiog. 

One  demolition  block  of  C-4  waa  placed  in  a  suitcaae 
containing  ten  clothing  items.  Before  die  blast,  the 
clothing  and  suitcase  were  clear  of  explorivea.  The 
C-4  wet  detonated  and  tbe  post  blari  debris  waa 
cdlected.  Postblast  RDX  residue  was  detected  on  all 
articles  of  clothing  using  the  vacuum  sample  method. 

Figure  S  shows  the  plesmagram  for  the  detection 
RDX  on  pieces  of  a  pair  of  Mue  jeans.  Pieces  of 
caidboerd  from  the  Unm  of  die  suitcase  also  alarmed 
for  RDX,  as  did  metal  piecea  of  the  rim.  The 
clothing  wu  placed  in  beet  sealed  polyerier  bags  and 
is  being  stored  for  later  teanalysis. 

Lastly,  a  portable  caisette/radio  containing  SEMTBX 
was  detonated.  Figure  6  ahowe  the  poat-hlart  RDX 
and  PETN  reridue  on  a  speaker  ougaat.  IU>X  aasl 
raTN  were  detected  on  a  place  of  plastic  and  the 
nameplate. 

3.  CONCLUSION 

In  our  evahiedoB  of  the  lonacae  200,  labontoiy 
meewremeeu  of  leaallivity  aad  axpaiimeals 
involviag  pncdcal  law  enforownent  acea«rioa  wen 
presented,  i»<<iu«t»»»g  tranifor  aad  pulblirt 
residua. 

Tbe  IMS  proved  to  be  a  reliabla  and  aiaipla  detector 
to  use.  The  ease  of  aazapte  GoUectloa  with  a  vacuum, 
5  aaooed  audyaii,  seaaidvity  of  200  pg  fiir  ibmC 
axpiorivai,  sel^vity  (ladt  of  fidae  alaraaa  la  teal 
worid  aceaarioe)  a^  dw  capability  for  oa-eite 
exploeiveB  dtttffiitii  demonriiuie  the  value  of  foia 
eealytical  iartruawat. 

Microproceaaor  controlled,  li^tweeghl,  portable  ion 
ambilily  apectrotarteta  olW  fbreneic  sckatisis,  law 
enforcement,  and  noirify  peraonoel  a  puwerfol  new 
tool  ia  trace  explorivea  dateetkia. 
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Table  1.  Operating  Conditionis  for  Explosives  Detection 


Parameter 

Setting 

Drift  Temperature 

95  C 

Inlet  Temperature 

215  C 

Desorber  Temperature 

235  C 

Desorption  Time 

4.3  s 

Shutter  Grid  Pulse 

200 /IS 

Scan  Cycle  Time 

24  ms 

Drift  Flow 

350  ml/min 

Sample  Flow 

300  ml/min 

Exhaust  Flow 

650  ml/min 
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Table  2.  K„  and  limit  of  detection  values  for  common  explosives 


Substance 

K,(cmHolf*sec*‘) 

L.O.D. 

TNT 

1.451 

200  pg 

RDX-1 

1.387 

200  pg 

RDX-2 

1.314 

800  pg 

RDX-3 

0.948 

1  ng 

PETN-1 

1.213 

80  ng 

PETN-2 

1.145 

200  pg 

PETN-3 

1.104 

1  ng 

NG-1 

1.339 

50  pg 

NG-2 

1.275 

200  pg 

NO, 

1.927 

200  pg 

•94 


Table  3.  Contact  Transfer  of  C-4  from  Hands  to  Autonnbile  Surfaces 


Car  Area 

Before  Touching 

After  C-4  Transfer 

Hood 

- 

+ 

Door  Handle 

- 

+ 

Hatch  Back 

- 

+ 

Steering  Wheel 

- 

+ 

Gear  Shift 

- 

+ 

Keys 

- 

+ 
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Table  4.  Post  Blast  Residue  Analysis  Results 


Item/ Explosive 

Explosive  Detected 

PIPE  BOMBS 

Green  Dot  Double  Based 

Smokeless  Powder 

NG 

Scott  Royal 

NG 

Pyrodex 

- 

Black  Powder 

— 

STEEL  PLATES 

Deta  Sheet 

PETN 

C-4 

- 

Semtex 

- 

Trenchrite 

NOj 

Powermax 

— 

SUITCASE  rC-4^ 

10  items  of  clothing 

RDX 

Cardboard  liner 

RDX 

Metal  Rim 

ROX 

Cassette /Radio  rSEMTEXl 

Speaker  Magnet 

RDX/PETN 

Plastic  Piece 

RDX 

Name  Plate 

RDX 

696 


697 
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1.  INTRODUCTION 

The  use  of  gas  chromatography  ( GC )  with  detection 
by  chemiluminesence  (CL)  has  been  described  for  the 
analysis  of  explosive  compounds  such  as  nitrite  esters 
(  R-0-N02  )  (  1  ],  nitramines  (  R-N-N02  )  {  2  1. 
and  c-nitro  compounds  (R'N02)[  3  ]  and  has  been 
used  since  1975  for  the  detection  of  N-nitroso 
compounds  [  4  ].  The  primary  reason  for  using  gas 
chromatography  chemiluminescence  (QC  /CL)  for 
the  detection  of  these  compounds  is  its  inherent 
specificity  and  high  sensitivity[  2,5  ].  For  trace 
analysis  of  explosives  in  complex  environmental 
matrices  such  as  samples  obtained  from  people  or 
their  luggage,  high  specificity  and  sensitivity  is 
essential.  Furthermore,  when  sampling  for  explosives 
in  an  airport  setting,  or  when  time  does  not  permit 
for  sampie  ctesiup,  specificity  and  sensitivity  become 
an  absolute  requirement  of  any  explosives  detector. 
Other  detection  methods  have  been  demonstrated  to 
be  highly  sensitive  for  explosives,  however,  if  they 
are  not  also  highly  specific  then  they  may  not  be  able 
to  achieve  their  rated  detection  limits.  Interfering 
components  or  increased  background  noise  due  to 
other  environmental  components  generally  limit  the 
performance  of  these  detectors.  Often  this  aspect  of 
specificity  is  overlooked  when  testing  explosives 
detectors.  It  is  one  thing  to  detect  trace  levels  of 
explosives,  it  is,  however,  quite  another  thing  to  do 
so  in  the  presence  of  environmental  contaminants. 

Using  the  OC/CL  analytical  technique,  it  has  been 
found  that  picogrim  levels  of  exj^osives  can  be 
detected  without  interference  in  the  presence  of  high 
levels  of  other  noo‘Oitfo  compourrds  f  2  ).  In  a 
comparison  study  of  four  sensitive  and  sdective 
detectors  for  nitroaromaiics  ( 5  )  which  included,  the 
Hall  electrolytic  conductivity  detector  (HECD),  the 
thermionic  detector(TSD),  the  electron  capture 
detector  (ECD),  and  the  Thermal  Energy  Analyzer 


(TEA)  chemiluminesence  detector,  solvent  extracts  of 
biosludge  containing  added  nitroaromatics  were 
examined.  The  nitroaromadc  compounds  used  in  this 
study  were  nitrobenzene,  2,4-DNT  and  2,6-DNT. 
The  biosludge  was  from  an  active  chemical  waste 
treatment  plant  and  was  rqwrted  to  contain  10- 15% 
other  organic  soluble  material.  The  added  levels  of 
nitroaromatics  were  from  one  part  per  million  to  as 
low  as  50  parts  per  billion.  The  qi>iked  extracts  were 
then  analyzed  by  OC  using  the  optimum  conditions 
for  the  four  d^ectors.  The  results  of  this  study 
clearly  indicate  that  the  qrecificity  and  sensitivity  of 
the  QC/TEA  chemiluminesence  detection  method  was 
superior  to  the  other  three  detectors.  The 
chromatognuns  obtained  using  the  three  other 
selective  detectors  all  contained  many  interfering 
compounds  that  eluted  on  or  near  the  retention  times 
of  the  nitroaromatics.  In  contrast,  the  OC/TEA 
chemiluminescence  detector  responded  only  to  the  test 
nitroaromatics  and  was  also  able  to  achieve  its 
detection  limit. 

This  ability  to  detect  explosives  and  nitro  compounds, 
even  in  the  present  of  complex  environmentsl 
matrices  and  still  maintain  its  sensitivity,  is  why 
OC/CL  is  an  ideal  technique  for  the  dMecUon  of 
environmentally  occurring  explosive  vapors  and/or 
particles.  Originally,  the  only  soious  drawback  of  the 
method  was  the  time  required  to  effect  a 
chromatogram.  Using  ttandard  GC  techniques,  a 
typical  analysis  could  take  up  to  30  minutes.  Other 
faster  techniques  still  raquind  3  to  5  minutes  to 
complete  (  2  ).  These  analysis  times  may  be 
satisfactory  for  a  IriMratoiy  sett^,  but  they  were  too 
mow  for  use  in  screening  airline  paasengera  and  their 
luggage  for  explosives. 
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2.  HIGH  SPEED  GC/CL  EXPLOSIVES  DETEC¬ 
TOR 

In  order  to  utilize  the  potential  of  GC/CL  for  a 
practical  explosive  detector,  it  was  necessary  to 
increase  the  speed  of  analysis.  To  overcome  this 
limitation,  a  two  column  temperature  programmable 
high  speed  gas  chromatograph  (HSGC)  was 
developkl  at  Thermedics  Inc  (Egis  3000).  This 
instrument  was  designed  specifically  for  the  high 
speed  GC  separation  and  detection  of  explosive 
con^x)unds.  The  Egis  3000  explosive  detection 
system  consists  of  two  temperature  programmed  high 
speed  gas  chronutographic  columns  coupled  to  a 
nitric  oxide  (NO)  chemiluminescence  (CL)  detector 
[Figure  1].  Also  included  is  an  electrolysis  gas 
generator  and  an  on-board  computer.  The  electrolysis 
gas  generator  is  used  to  produce  both  hydrogen  for 
the  HSGC  and  oxygen  to  nuke  ozone.  The  on-board 
computer  is  used  to  control  all  of  its  functions 
including  the  analytical  HSGC/CL  system,  data 
handling  and  display.  The  computer  also  monitors  all 
operations  for  self  diagnostics. 

Using  the  HSGC/CL  instrument  it  is  possible  to 
analyze  environmental  samples  for  explosive 
compounds  such  as  ethyleneglycol  dinitrate  (EGDN), 
nitroglycerine  (NO),  dinitrotoluene  (DNT), 
trinitrotolueoe(TNT),  pentaeryihrol  tetranitrate 
(PETN),  hexogen  (RDX),  and  other  explosive 
compounds  with  no  sample  cleanup  and  with 
complete  chromatograpliic  separations  in  under  10 
seconds  (  Figure  2  ].  While  only  one  of  the  two 
HSGC  columns  is  needed  to  effect  a  separation,  the 
two  columns  are  used  together  in  an  arrangement  that 
differentiates  between  compound  classes  of 
expt(»ives.  This  a^iect  of  the  HSOC/CL  will  be 
further  discussed  in  the  section  on  gm 
chromatography. 


3.  CHEMILUMINESCENCE 

The  cheroiluminciceoce  principle  used  in  the 
HSCC/CL  explosives  detector  is  based  on  the 
detection  of  infrared  light  emitted  from  electronically 
excited  N02*.  The  electronically  excited  N02* 
results  from  the  reaction  of  nitric  oxide  (NO)  with 
ozone  (03).  In  a  CL  ddector,  this  reaction  generally 
takes  place  in  an  evacuated  reaction  chandler 
maintained  at  a  pressure  of  about  3  torr  [Figure  3|. 
A  photomultiplier  situated  behind  a  red  light  filter  is 
us^  (o  detect  the  infrared  light  emiitod  from  the 
N02*.  The  red  filter  is  in  place  to  block  any  light 


with  a  spectral  frequency  higher  than  the 
near-infrared.  The  signal  output  from  the 
photomultiplier  is  directly  proportional  to  the  amount 
of  NO  present  in  the  reaction  chamber.  It  :s  this 
signal  that  is  used  to  detect  the  presence  of  explosives 
in  a  CL  system.  The  following  illustrates  the 
important  reactions  taking  place  in  an  NO/CL 
detector: 

1.  NO  +  03 - >  N02*  + 

N02  +  02 

2.  N02*  - >  N02  + 

infrared  light  (  600-1800  nm) 

3.  N02*  +  M - >  N02  M* 

The  actual  light  emitting  reaction  (reaction  2)  is  due 
to  NO  reacting  with  ozone  (reaction  1)  to  produce  the 
excited  N02*.  Reaction  3  is  due  to  the  excited  N02'*’ 
transferring  its  energy  to  a  third  species  (M).  This  is 
not  a  light  producing  reaction  but  it  is,  however,  the 
predominant  one.  Gyrating  the  CL  reaction  chamber 
at  reduced  pressures  helps  to  minimize  this  reaction 
such  that  more  of  the  excited  N02*  releases  its 
energy  as  infrared  light.  While  these  reactions  can  be 
used  to  detect  NO,  any  NOx  containing  compounds, 
with  the  exception  of  nitrous  oxide  (N20),  can  also 
be  delected  by  this  method  provided  they  can  be 
made  to  relea.se  NO.  An  example  of  this  is  the 
detection  of  N02.  N02  can  be  converted  to  NO  by 
pyrolysis  as  shown  in  equation  4: 

catalyst 

4.  N02  +  heat - >  NO 

(180  C-  600  C) 

This  reaction  (reaction  4)  is  used  in  NOx  detectors  to 
monitor  ambient  air  levels  for  N02.  Other  nitrogen 
containing  compounds  can  also  be  detected  by 
pyrolysis  followed  by  CL.  Ilte  temperatures  used, 
however,  to  decompose  NOX  containing  compounds 
to  produce  (he  nee^  NO  for  detection  will  depend 
upon  their  thermal  stability.  The  following  are 
examples  of  classes  of  NOX  conuining  compounds 
and  (he  approximate  lempentures  needed  to 
decompose  them: 

5.  N-nitrosainine.s 
- >  NO  +  R2-N 

(350  C) 
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6.  Nitramines 
- >  NO  +RS-N 

(350  C) 

7.  Nitrite  esters 

- >  NO  +  fragments 

(350  C) 

8.  C-Nitro  and  Nitroaroniatic 

compounds - >  no  effect 

(350  C) 

9.  Nitroaromatics 

- >  NO  +  Fragments 

(800  C) 

10.  C-Nitro  compounds 

- >  NO  -r  Fragments 

(800  C) 

Reactions  5,  6  and  7  show  that  N-nitrosamines, 
nitramines  and  nitrite  esters  all  decompose  at  a 
temperature  of  350  C  to  release  NO.  C-nitro 
compounds,  including  nitroaromatics  require  higher 
temperatures  for  decomposition.  Reaction  8  shows 
that  heating  C-nitro  compounds  to  350  C  does  not 
result  in  NO  being  released.  However,  when  these 
compounds  are  heated  to  higher  temperatures 
(reactions  9  and  10)  NO  is  produced.  Examples  of 
nitro  compounds,  and  the  number  of  NO  molecules 
released  from  each,  can  be  seen  in  Figure  4.  As  can 
be  seen  in  Figure  4,  decomposition  of  these 
compounds  results  in  the  molar  release  of  the  bound 
NO.  The  temperature  differences  needed  to 
decompose  the  various  explosive  compounds  to  NO 
is  exploited  in  the  design  of  the  two  column 
HSGC/CL  instrument. 

4.  HIGH  SPEED  GAS  CHROMATOGRAPHY 

The  construction  of  tiie  HSGC/CL  is  shown  in  Figure 
1.  The  two  HSGC’s  which  are  labeled  SE-1  and 
SE-2  consists  of  two  separate  capillary  columns. 
These  HSGC  columns  are  operated  in  series  with  a 
350  C  pyrolyzer  (  PYRO-1 )  located  between  them. 
A  second,  800  C  pyrolyzer(  PYRO-2  ),ls  located  at 
the  end  of  SE-2.  At  the  entrance  to  SE-1,  the  device 
labeled  CS-2  is  a  temperature  programmed 
re-focusing  cold  spot  that  is  used  to  iqject  the  sample 
on  to  the  HSGC  system.  The  HSGC  hydrogen  gas 
flow  used  in  both  columns  is  about  40  cc  /  minute. 
All  of  the  HSGC  operations  are  controlled  by  the 
on-board  computer.  Using  the  computer,  the 
temperature  programing  rate  of  the  SB’s  can  be 


controlled  at  up  to  100  C  /  second  to  within  2  C.  The 
CS-2  sample  injector  operates  in  a  similar  fashion  and 
it  also  is  temperature  programmed. 

The  HSCG  design  and  configuration  results  in  all  of 
the  explosives  passing  through  $E-1  and  PYRO-1 
before  they  enter  SE-2.  At  the  400  C  teoqietature  of 
PYRO-1,  all  of  the  nitrite  esters  and  nitramines  will 
decompose  to  ptxxluce  NO.  The  NO  gas  produced 
from  the  400  C  pyrolysis  becomes  part  of  the  carrier 
gas  and  pass  through  SE-2  without  retention.  The  NO 
gas  from  SE-1  will  be  detected  by  the  CL  detector 
and  then  displayed  as  the  SE-1  chromatogram.  Since 
C-nitro  compounds  do  not  decompose  at  350  C  they 
will  pass  through  PYRO-l  to  SE-2.  SE-2  at  this  point 
in  the  analysis  is  maintained  at  s  low  temperature, 
any  C-nitro  compounds  entering  it  will  condense  in 
its  GC  phase.  At  a  preselected  time  after  SE-1  has 
completed  its  temperature  program,  SE-2  is  then 
temperature  programmed  to  separate  any  C-nitro 
compounds  present.  At  the  exit  of  SE-2  the  C-nitro 
compounds  pass  through  the  800  C  PYR&-2  where 
they  are  decomposed.  The  NO  produced  from  this 
pyrolysis  is  detected  as  a  separate  chromatogram 
from  the  first  SE-1  column.  Figure  SA  is  an  example 
of  a  typical  chromatogram  resulting  from  the 
separation  of  a  mixture  of  explosive  compounds.  The 
added  dotted  line  in  the  center  of  the  chromatograph 
shows  the  time  separation  between  SE-1  and  SE-2. 
The  explosives  shown  in  Figure  SA  are  1  (EODN), 
2  (NO),  3  (PBTN),  4  (RDX),  5  (DMT)  and  6 
(TNT).  Figure  SB  demonstrates  the  effect  of  lowering 
the  temperature  of  PYRO-2  to  450  C.  At  this 
temperature,  none  of  the  DNT  or  TNT  shows  up  in 
the  resulting  chromatograph  of  the  same  test  sample 
of  explosives  shown  in  Figure  5A. 


5.  SAMPLE  ANALYSIS 

The  types  of  samples  examined  by  the  Bgis  3000 
usually  consist  of  vapors  and  pa^cles  vacuumed 
from  iht  surfaces  of  objects  like  luggage  or  clothing. 
When  such  environmental  samples  are  gathered  there 
are  few  clues,  if  any,  as  to  what  they  may  contain. 
Any  other  material  that  the  sampled  object  had 
previously  been  in  contact  with  could  also  contribute 
to  the  sample.  Whether  or  not  any  sampled  material 
will  produce  a  false  explosives  signal,  or  will  contain 
material  that  interferes  with  the  detection  of  an  actual 
explosive  can't  be  known  for  alt  possible 
combinations  of  samples.  For  these  reasons  the 
HSGC/CL  system  has  been,  and  continues  to  be, 
tested  extensively  under  realistic  conditions  with  the 
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actual  explosives.  The  use  of  surrogates,  or  explosive 
simulants,  may  produce  data  which  suggests  whether 
a  detection  method  will  or  will  not  work,  but  it 
cannot  simulate  the  real  condition.  Negative 
interferences,  for  example,  can  only  be  tested  with 
actual  explosives.  An  example  of  the  kind  of  testing 
the  HSGC/CL  system  was  subjected  to  can  be  seen  in 
Figures  6A  and  6B.  Figure  6A  is  an  analysis  of  a 
vapor  and  particulate  sample  taken  from  the  hands 
and  clothing  of  a  person  who  is  a  smoker  and  who 
had  just  finished  eating  a  lunch  of  three  different 
pizzas.  The  test  subjects  clothing  included  a 
laboratory  jacket  that  had  been  used  for  2  weeks 
without  cleaning.  The  sample  was  taken  by 
vacuuming  vapors  and  particles  from  the  subjects 
hands  and  clothing  on  to  a  metal  foil  sample  probe 
at  a  rate  of  2  liters  /  second  for  a  tnul  of  20  seconds. 
This  sample  also  consisted  of  40  /  L  of  ambient  air 
and  an  added  amount  of  explosives  injected  on  to  the 
sample  probe.  Tlie  amount  of  explosives  added  were 
less  than  5  picorooles  each  and  consisted  of  EGDN 
(1),  NG  (2),  DNT  (3),  TNT  (4),  PETN  (5),  and 
RDX  (6).  Figure  6B  is  a  chromatogram  of  a  sample 
taken  from  the  same  subject  without  the  added 
explosives. 

During  an  analysis,  the  sample  which  had  been 
collected  on  the  sample  probe  is  thermally  desorbed 
into  the  analytical  system  by  a  rapid  resistance 
heating  of  the  collector  coil  while  simultaneously 
forcing  air  through  it.  In  this  fashion,  all  of  the 
collected  sample  is  converted  to  a  vapor  which  is  then 
separaterl  from  the  non-volatile  matrix.  The  vapors 
from  the  sample  are  subsequently  recondensed  onto 
a  sub-ambient  cold  spot  for  later  analysis  as  described 
above.  The  time  required  to  complete  an  analysis  is 
18  secQuds.  The  18  seconds  includes  sample 
desorption,  signal  processing  and  the  time  needed  to 
complete  the  two  column  chromatographic  separation. 
The  re-sults  of  an  analysis  are  presented  m  either 
'clear  ‘  or  ‘alarm".  In  the  event  of  an  alarm,  the 
system  indicates  the  specific  explo.sive  or  combination 
of  explosives  that  were  responsible  by  lighting  a 
vertical  array  of  red  lights  on  the  display  panel.  The 
numlier  of  lights  indicates  the  relative  amount  of 
each  explosive  detected.  In  addition  to  the  alarm 
display,  the  system  can  also  display  the  complete 
chromatogram  of  an  analysis. 


SUMMATION 

Chemiluminescent  detection  has  been  demon.Htrated  to 
be  both  sensitive  and  specific  for  the  dutection  of 


explosives.  The  previous  speed  of  GC  analysis  ha 
been  increased  by  over  2  orders  of  magnitude  sucl 
that  it  is  now  practical  for  use  for  the  detection  o 
explosives  in  airport  settings.  The  end  result  of  thi 
two  column  HSGC  and  pyrolysis  is  that  there  are  nc 
C-nitro  compounds  detected  in  that  part  of  thi 
chromatogram  containing  the  nitrite  esters  or  tht 
nitramines.  The  main  benefit  of  the  2  coiumi 
separation  technique  ic  that,  C-nitro  compound! 
cannot  interfere  with  the  detection  of  plastii 
explosives.  This  has  noade  a  highly  specific  detectior 
system  even  more  specific.  This  increase  ir 
selectivity  is  important  since  there  are  several  widelj 
used  C-nitro  compounds  found  in  perfumes,  paints, 
dyes  and  other  products.  These  compounds  can  aisc 
be  found  as  pollutants  in  ambient  air  and,  perhaps,  or 
objects  such  as  luggage. 
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EXPLOSIVES  DETECTOR 


COMPUTER 


CHEMILUMINESCENT  DETECTOR  REACTION  CHAMBER  DESIGN 
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Schematic  of  a  diemiluminescrace  reaction  chamber  and  photomultiplier  detector. 


PRYOLYSIS  OF  EXPLOSIVES 
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FiGtlf^  4  Examples  of  eiqilotfves  dut  can  be  pyiolized  to  produce  nitric  oxide  (NO). 
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L  C  R 
ALARM 


TIME  IN  SECONDS  - -  , 

FIGURE  5A  Chromatogram  of  explosives  showing  the  SE-1  and  the  SE-2  regions.  The 
explosives  in  the  SE-1  region  are  1  (EGDN),  2  (NG),  5  (PETN)  and  6  (RDX). 
The  others  in  the  SE-2  region  are  3  (DNT)  and  4  (Tl^.  The  added  line 
indicates  the  time  separation  between  the  SE-1  and  SE-2  regions. 
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ALARM 


EXPLOSIVES 

1.  EGDN 

2.  NG 

3.  DNT 

4.  TNT 

5.  PETN 

6.  RDX 


FIGURE  SB  This  chromatogram  is  similar  to  the  one  shown  in  5A  except  that  the  SE-2 
pyrolyzer  (Pyro-2)  has  been  reduced  in  temperature  from  800  oC  to  450  oC.  The 
result  of  this  temperature  reduction  is  that  there  is  no  DNT  or  TNT  detection  in 
the  SE-2  region  of  the  chromatogram. 
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FlGltRC  6A  Chromatogram  of  vapor  and  particulates  samples  from  a  human  test  subject.  Less 

than  S  picomoles  each  of  the  same  explosive  compounds  shown  in  Figure  5  A  were 
spiked  onto  this  sample. 


ncURE  68  Chromatogram  of  the  sample  shown  in  Figure  6A  excq>t  no  explosive  compounds 
were  added. 
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1.INTR0DUCTI0N 

Since  its  introduction  to  the  market  some  6  years  ago, 
the  EVD-1  has  achieved  an  enviable  reputation  as  an 
explosive  detector  due  mainly  to  its  sensitivity, 
specificity  and  durability.  This  paper  is  int^ded  to 
report  on  the  expanded  capabilities  of  the  EVD-1  for 
the  detection  of  all  proposed  ICAO  taggants  in 
addition  to  the  conventional  type  of  explosives  (NO, 
DNT).  Most  interesting  is  its  ability  to  detect  PETN 
from  plastic  explosives. 

The  EVD-lDC  imit  is  a  2  component  system 
consisting  of  a  battery-powered  hand-held  sampling 
unit  and  an  analyzing  unit,  which  can  be  AC  or 
battery  operated.  The  analyzer  unit  consists  of  a 
desorber,  dual  chromatographic  columns  and  an  ultra 
sensitive  ECD  detector.  A  block  diagram  of  the 
system  is  shown  in  Fig.  1. 

The  sample  collection  tube  (containing  the  adsorbed 
vapour  or  collected  particulates)  is  placed  in  the 
continuously  heated  desorption  unit  of  the  analyzer. 
Desorption  time  is  roughly  2-3  seconds  under  a  purge 
gas  of  pure  nitrogen.  The  vapour  sample  then  enters 
the  analyzer  unit  into  a  secondary  adsorber,  which 
serves  the  purpose  of  reducing  sample  contamination 
prior  to  intn^uction  into  the  analytical  columns. 
Separation  of  both  volatile  and  relatively  non-volatile 
explosive  molecules  takes  place  on  the  dual  analytical 
columns  terminating  to  a  single  ECD  detector.  A 
microprocessor  software  algorithm  decides  whether 
there  is  a  signal  within  preset  retention  time  windows 
corresponding  to  an  explosive  peak  or  a  set  of 
overlapping  explosive  peaks.  The  results  are  then 
sent  to  an  LCD. 


2.  INSTRUMENT  PERFORMANCE 

The  EVD-lDC  response  to  an  injection  of  a  standard 
solution  mixture  of  MNT,  EGDN  and  DMNB  (50- 
100  pg  of  each  component)  is  shown  in  Figure  2. 
Background  response  of  the  solvent  injection  is 
shown  in  the  left  side  of  Figure  2. 

Injection  of  a  PETN  standard  solution  produced  two 
hits  on  windows  A  &  C.  These  peaks  shown  in 
Figure  3  were  attributed  to  the  PETN  parent  peak 
(channel  C)  and  fragment  peak  (channel  A).  The 
minimum  detection  limit  for  PETN  is  about  one 
nanogram  producing  an  average  of  10  counts  of  peak 
area. 


Total  analysis  time  per  sample  is  roughly  60  seconds, 
which  includes,  Aermal  desorption  of  the  1st 
adsorber  tube,  pre-cleaning  step,  chromatographic 
separation,  detection  and  data  processing/reporting. 

Direct  air  sniffing  of  the  head-space  vapour  of 
Semtex  H  and  C4  (U.S.  made)  plastic  explosives 
produced  positive  hits  in  channels  A,  B  and  C  for  the 
Semtex  explosive  and  only  channel  B  for  the  C4  (Fig. 
4)  explosive.  A  few  grams  of  Semtex  H  explosive 
was  placed  in  a  glass  bottle  of  approximately  120 
cubic  meters  at  room  temperature.  The  same  was 
done  with  the  C4  explosive.  From  the  equilibrium 
vapour  pre.ssure  data  of  PETN  (0.018  ppb  at  r(H)m 
temperature  Ref.  2)  and  the  equation  governing  the 
rate  of  evaporation  of  PETN  from  a  solid,  it  is 
e.stinuited  that  the  amount  of  PETN  expected  to  bo 
collected  on  the  1st  adsorber  tube  is  roughly  16 
nanograms.  Laboratory  sniffing  of  the  head-space 
vapour  of  a  small  piece  of  Semtex  H  showed  roughly 
over  20  ng  of  PETN.  It  is  important  to  mention  Uiat 
other  ingredients  present  in  the  Semtex  sample  may 
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contribute  to  the  obtained  signal.  These  ingredients 
were  not  characterized,  but  their  piesrace  confirmed 
using  head-space  vapour  injections  on  a  IS  meter 
capillary  column  connected  in  a  Varian  3400  G.C. 
equipp^  with  an  ECD  detector. 

The  signals  obtained  in  channels  A  &  B  are  from 
organonitrates,  which  the  plastic  explosive  (e.g.  C4) 
was  contaminated  with,  ei&er  during  manufacturing, 
transport  or  storage.  The  EVD-lDC  dual  column 
system  is  not  set  for  detection  of  RDX,  although  the 
RDX  peak  appears  at  a  later  retention  time, 
unacceptably  long  for  a  routine  security  checking 
operation. 

Further  improvemotts  of  the  unit  may  involve  a  third 
G.C.  column  and  possibly  a  separate  ECD  detector 
for  detection  of  the  RDX  p^  at  a  reasonable 
analysis  time.  It  is  also  important  to  mention  that 
with  the  high  volume  sampler,  trace  residual  plastic 
explosives  are  readily  transported  onto  the  Ist 
admrber  cartridge.  However,  it  is  preferred  to 
perform  sampling  as  close  to  the  suspected  surfues 
and  possibly  to  touch  the  surface,  in  order  to  increase 
the  probability  of  particulate  transfer  into  the  sample 
tube. 

Other  sampling  methodology,  not  reported  in  details 
in  this  paper,  involve  direct  surftce  swabbing  with  a 
fibre  glass  paper  and  subsequent  close  sanyling  of 
the  swab  with  the  EVD-1  sample  tube. 

Sampling  of  head-^Mce  vapour  of  crystallized 
commercial  TNT  sample  produced  positive  hits  on 
chaimels  A  &  B  with  the  parent  TNT  peak  ^^Maring 
late  in  the  chromatogram  (Fig.  5.).  Further 
investigation  of  this  sample  revealed  presence  of  0* 
MNT,  and  P-MNT,  and  2,4  DMT  which  ate  readily 
detected  in  channels  A  &  B,  reflectively. 


3.  TECT  EXPLOSIVES  RESULTS 

Head-space  vapours  of  small  samples  of  each  of  the 
test  explosives  were  collected  using  the  BVD-I  hi^ 
volume  sampler.  Great  care  wu  taken  to  prevent 
sucking  particulates  onto  the  sample  mbe.  The 
results  of  sampling  the  test  explosives  are  dwwn  in 
Table  I. 

Laboratory  air  and  the  production  assembly  area 
produced  positive  hits  of  roughly  20-40  counts  in 
Channel  A.  Interferant  results  vrith  a  tong  list  of 
men’a/women's  loiletriea,  household  chemicals. 


smoking  materials  and  common  laboratory  chemicals 
have  revealed  that  Channel  A  was  suscqitible  to  hdse 
alarms  on  the  men’s/womoi’s  toiletries,  producing  an 
alarm  in  the  KMOO  counts  range.  Recent  EVD-lDC 
evaluation  in  Germany  have  produced  similar  fidse 
positives  on  Channel  A  using  certain  perfumes.  This 
however,  does  not  exclude  t^  presence  of  the  ortho¬ 
mono  nitrotoluene  as  a  trace  contaminant  in  these 
products.  Channel  A  could  be  blanked  or 
disregarded  as  desired  by  the  EVD-1  user. 

4.  CONCLUSION 

A  commercially  available  Explosive  Vapour  Detector 
EVD-lDC  was  modified  to  allow  fiuter  sample 
analysis  without  conqiromising  sensitivity  and 
selectivity  of  the  device  and  provided  ad^tiooal 
capabili-ties  to  allow  detection  of  all  ICAO  plastic 
explosive  taggants  in  addition  to  the  traditional 
organonitrate  EGDN,  NG  and  DNT.  Fiiully,  the 
ability  to  detect  PETN  as  an  overlapping  peak  with 
the  DMNB  taggant  at  Channel  C  was  also 
demonstrated. 

Future  efforts  will  be  focused  in  improving  sampling 
methodo-logy,  ftster  analysis  and  expanding  the 
instrument  capability  to  det^  RDX. 
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SUMMARY  TABLE  1 
OF 

EXPLOSIVES  DETECTION  WITH  THE  MODIFIED  EVD-lDC  UNIT 


TNT 


5ppt 


Detonator  cord 


Sppt 


Plater  U.K.  made 


5ppl 


Double  base  propellent 
Black  powder 


Sppt** 


Sppt* 


Amroooium  nitrate  (commercial) 

PETN _ 

Background  room  air _ 

Sniffing  lab  air  _ 

Sniffing  assembly  rooin _ 

Blank  run _ 

Machine  ahop 


tpp«* 
zxl  ng 


i' 


*  Organootlratoa  coctatnination  or  from  MNT 
*•  Prom  NO 

***  Aiwaya  includea  the  P.MNT  iatuner 
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Fig.  1  Block  Diagram  of  EV0-10C  Unit 
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Injection  of  liquid  standard  solution  of  PETN  onto  the  Tenax  1**  adsorber  tube. 
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Fig.  5  Head  Space  Vapour  Sampling  of  Commercial 
TNT  Sample  for  5  Seconds. 
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TAGGING 


MARKING  OF  GERMAN  PLASTIC  EXPLOSIVE  FOR  THE 
ENHANCEMENT  OF  VAPOR  DETECTION 


Dr.  Peter  Kolia 
Forensic  Scientist 
Bundeskriminalamt,  Germany 


1.  INTRODUCTION 

Explosive  vapor  detection  is  one  of  the  most 
successful  m^ods  to  discover  hidden  explosive 
devices.  For  the  correct  operation  of  tfiis  method, 
there  must  be  an  evaporation  of  molecules  from  the 
explosive.  The  detection  limit  of  most  of  the 
equipments  available,  the  so-called  explosive  vapor 
detectors  (EVD’s)  (1),  (2),  requires  at  least  in  tV 
range  of  1-5  1012  molecules  (trillions  of  molecules) 
to  be  collected  and  introduced  mto  the  machine.  That 
seems  to  be  a  high  amount  and  it  is.  All  the 
molecules  must  be  at  the  outside  of  the  sampled 
container  and  must  be  in  a  collectable  form  e.g.  not 
adsorbed  at  the  surface.  Presuming  the  above  number 
as  an  example  and  sampling  one  litre  of  air  directly 
above  the  pure  explosive  substance,  PETN  and  RDX 
with  vapor  pressures  in  the  range  of  10  ppt  (3)  can 
just  be  detected.  Under  real  conditions  the  searched 
explosive  is  covered  with  several  layers  of  different 
material  and  is  placed  in  any  kind  of  container.  The 
vapor  from  the  explosive  is  retarded  and  the  amount 
of  Collectable  molecules  is  much  lower.  Experience 
shows,  that  ingredients  with  vapor  pressures  lower 
than  TNT  are  not  detectable.  Reliable  detection  is 
only  possible  for  explosives  that  contain  explosive 
oils  such  as  EGDN  or  NG.  Pure  vapor  detection  i.e. 
without  any  mechanical  transfer  of  particles  is 
impossible  when  pla.stic  explosives  are  hidden.  Main 
constituents  of  plastic  explosives  are  PETN  and  RDX 
with  very  low  vapor  pressures.  Therefore  the  tagging 
conception  was  created  and  the  addition  of  easy 
evaporating  substances  to  plastic  explosives  shall 
enable  vapor  detection. 

2.  RESULTS  AND  DISCUSSION 

In  Germany  only  one  plastic  explosive  is  produced, 
SEISMOPLAST.  The  main  constituent  is  PETN.  In 
contrast  to  many  other  plastic  explosives  from  other 
countries,  the  plastifier  in  the  German  plastic 
explosive  is  silicon  oil.  This  composition  leads  to 
several  problems  in  the  production  procedure  if  a 


taggant  has  to  be  added.  In  Germany  the  taggants  still 
in  question  are  o-mononitrotoluene,  p- 
mononitrotoluene  and  dimethyl-dinitro-butane.  No 
decision  could  be  found  until  today  on  the  selection 
of  one.  The  problem  for  the  manufacturer  is  that 
none  of  the  three  is  soluble  in  silicon  oil  to  easy  mix 
them  into  the  plastic  explosive.  Additionally  during 
the  manufacture  water  has  to  be  removed  under  slight 
vacuum  at  about  60o  C.  Consequently  it  will  be  very 
difficult  to  adjust  a  defined  amoimt  of  tagging 
substances  in  the  final  plastic  explosive. 

A  very  important  point,  which  influences  the 
selection  of  a  substance  is  the  mjuriousness  to  health. 
The  two  nitrotoluenes  are  believed  to  be  carcinogenic 
and  the  manufacturer  as  well  as  the  user  want  to 
avoid  this  risk. 

During  such  discussions  the  essratial  criterion,  why 
taggants  are  added,  is  often  forgotten.  The 
enhancement  of  the  detectability  of  plastic  explosives 
depends  not  only  on  the  compatibility  of  the  taggant 
with  the  explosive  but  also  on  the  response  behaviour 
in  the  detector.  The  marking  agents  in  discussion 
have  molecular  structures  that  should  enable  most  of 
the  commercially  available  EVD's  to  detect  them. 
That  statement  considers  only  the  fimction  principle 
e.g.  IMS,  GC-ECD  or  chemoluminescence.  The 
operational  conditions  of  all  devices  have  to  be 
adopted  to  all  taggants  in  question.  This  additional 
recognition  criterion  for  at  least  three  substances 
simultaneously  with  six  explosive  compounds  is  a 
very  difficult  problem.  First,  you  must  have  a  high 
separation  efficiency  with  a  peak  capacity 
(spectroscopic  and  chromatographic)  of  nine  peaks 
and  more  in  one  run.  It  must  also  be  possible  to  set 
the  corresponding  nine  windows  for  recognition. 
Second,  the  false  alarm  rate  will  consequently 
increase  to  a  much  higher  number  than  tefore, 
because  much  more  interferences  are  possible.  The 
increase  of  the  false  alarm  rate  may  lead  to  chaotic 
conditions  for  the  operation  of  the  detection  method 
in  the  real  security  control. 
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The  investigations,  that  have  been  nude  in  Gennany 
comprise  the  detection  as  well  as  the  stability  field. 
The  addition  of  o— MNT,  p— MNT  and  DMNB  to 
small  amounts  (50  g)  of  the  plastic  explosive  was 
done  by  intensive  kneading  by  hand. 

3.  DETECTION  WITH  THE  ICAO  BOX 

The  detection  experiments  in  Gennany  were 
performed  with  the  chemoluminescence  bas^  EGIS 
equipment  (4).  It  was  selected  because  of  its  superior 
selectivity  and  separation  efficiency  compared  to  all 
other  EVD’s  (Figure  1).  The  sampling  procedure  of 
the  EGIS  supports  a  good  mechanical  transfer  of 
particles  into  the  detector.  That  is  especially 
important  for  the  detection  sensitivity  in  real  ^ggage 
checking. 

The  experiments  were  made  with  the  prepared 
explosives  following  the  ICAO  proposal.  The 
explosive  was  put  into  a  polythene  bag,  wrapped  into 
cotton-wool  and  packed  wiA  newspapers  in  a  paper 
box.  Measurements  were  perfom^  after  several 
hours  up  to  three  days  and  the  height  of  the  signal 
was  recorded  (Table  la  and  lb).  The  measure  for  the 
amount  of  taggant  outside  the  box  was  the  peak 
height  in  the  chromatogram.  Distinct  signals  were 
dq)icted  if  peaks  were  higher  than  five  peak  height 
units.  The  relation  of  the  total  amount  of  sulutance  in 
the  sampled  air  volume  is  approximately  as  follows: 
1  peak  height  unit  of  the  nitrotoluenes  corresponds  to 
20  pptv,  1  peak  hpight  unit  of  the  DMNB  is  related 
to  10  pptv.  The  measurements  were  performed  with 
and  without  burping  by  sampling  twice  with  the 
sampling  device  (14  s:  2  I/s).  The  approxinution  of 
the  concentrations  was  performed  with  regard  to  a 
collecting  efficiency  of  10  %  of  the  substance  to  be 
adsorbed  on  the  collector  coil. 

The  o-MNT  in  a  concentration  of  0.5  %  could 
already  be  detected  after  1  hour  with  burping, 
whereas  under  the  same  conditions  the  p-MNT  was 
detectable  not  before  3  hours.  Time  for  the  first 
detection  was  nearly  doubled  at  a  concentration  of  0. 1 
%  (Figure  2).  Without  burping  detectability  of  the 
MNT’s  was  worse,  but  the  o-MNT  gave  still 
acceptable  results.  The  p-MNT  could  not  be  detected 
before  24  hours.  The  widely  discussed  DMNB 
showed  a  different  behaviour.  It  was  only  detectable 
when  sampling  was  performed  with  burping.  The  0.5 
%  sample  took  24  hours  for  the  first  signal  and  the 
0. 1  %  sanq>le  was  detectable  only  after  2  days.  All 
results  correspond  to  the  differences  in  vi^r 


pressure  (5).  The  o-MNT  is  the  best  evaporating 
substance  with  a  vapor  pressure,  that  is  roughly  100 
times  higher  than  the  vapor  pressure  of  DMNB. 
Measurements  of  the  vapour  pressure  showed  an 
approximate  linear  decrease  with  dilution  in  the 
explosive  (Table  2). 


4.  SUITCASE  EXPERIMENTS  WITH  MONO- 
NITROTOLUENES 

For  these  experiments  the  nitrotoluenes  were 
selected,  because  they  were  believed  to  be  the  best 
maildng  agents  at  that  time.  The  o-MNT  and  the  p- 
MNT  were  mixed  O.S  %  in  plastic  simulators 
consisting  of  paraffins. 

A  hardcover  suitcase  was  cleaned  with  acetone  at  the 
outer  surface  and  the  simulators  with  the  tagging 
substances  were  put  into  the  suitcase.  Shortly  after 
the  closure  of  the  suitcase,  no  substances  could  be 
measured  at  the  outside.  After  16  hours  three  new 
measurements  were  taken  and  each  time  a  distinct 
signal  was  obtained  for  the  two  nitrotoluenes  with  a 
slightly  higher  signal  for  the  ortho  isomer.  The 
suitcase  had  overlapping  slots  and  seemed  to  be  fairly 
tight. 

The  second  experiment  was  done  with  a  usuid  bag 
with  a  zipper  at  the  upperside.  Already  after  30 
minutes  clear  peaks  were  obtained  from  o-MNT  and 
p-MNT  with  similar  peak  heights.  The  sanq)ling  was 
done  by  moving  the  device  twice  along  the  zipper. 
The  simulators  were  layed  without  special  cove^ 
about  ten  centimeters  below  the  closed  zipper. 

Another  suitcase  of  imitation  leather  and  a  zipper  was 
used  because  it  seemed  to  be  more  tight  than  the  bag. 
The  simulators  were  put  into  the  middle  upperside  of 
the  suitcase,  which  also  contained  clothes.  The  zipper 
was  closed  and  25  minutes  afterwards  the  first 
measurement  was  performed.  No  signal  was  seen  in 
the  detector.  After  3  hours  a  small  peak  arose  from 
o-MNT,  the  peak  of  p-MNT  was  in  the  range  of  the 
detection  limit.  After  4.5  hours  the  signals  for  the 
substances  had  increased  with  a  clear  peak  for  o- 
MNT  and  a  poor  peak  for  p— MNT  (o-MNT  3  times 
higher  than  p— MNT).  The  sampling  was  done  by 
sniffing  twice  along  the  zipper. 

The  last  suitcase  was  a  hardcover  one  again.  But  the 
simulators  were  packed  into  polythene  bags  each  and 
then  put  in  the  upper  middle  region  of  the  suitcase. 
The  suitcase  was  filled  up  with  clothes.  The  outside 
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of  the  closed  suitcase  was  sampled  after  70  hours  (a 
weekend).  Only  very  small  peaks  just  above  the 
detection  limit  were  observed  for  the  two  taggants. 
The  peak  height  was  similar.  After  opening  the 
suitcase  and  sniffing  at  the  clothes,  that  were  in  a 
layer  at  a  distance  of  about  10  cm  from  the  packed 
simulators,  big  peaks  were  obtained  with  a  peak 
height  of  p-MNT  twice  of  the  o-MNT.  That  shows 
that  the  para  isomer  tends  to  be  adsorbed  mote 
strongly. 

Nitroaromatic  compounds,  such  as  the  tagging 
substances  discussed  in  this  paper,  tend  to  be  strongly 
adsorbed  at  several  surfaces,  because  of  polar 
interaction  as  well  as  partition  effects.  The  vapour 
pressure  of  the  substances,  when  they  are  adsorbed  is 
strongly  decreased,  so  that  often  above  the  surfaces 
no  vapour  can  be  detected.  In  order  to  IcKtk  for  an 
adsorption  effect,  the  inner  surface  of  the  hardcover 
suitcase  was  sampled  3  hours  after  the  removal  of  the 
simulators.  Very  big  peaks  of  each  component  were 
found.  Two  polythene  bags  were  put  into  the  same 
suitcase,  without  samples  in  it.  The  first  bag  was 
removed  after  3  hours  and  its  surface  was  sampled. 
Distinct  peaks  of  o-MNT  and  p-MNT  were  observed. 
The  second  bag  was  removed  after  8  hours  and  both 
bags  were  exposed  to  clean  air  for  70  hours.  After 
that  long  time,  Uiere  were  still  signals  observed,  but 
they  decreased  by  a  factor  of  ten.  If  the  tagganis  ate 
adsorbed,  they  stick  very  fast  especially  at  plastic 
surfaces. 

After  the  removal  of  the  simulators  from  the  imilalioo 
leather  suitcase,  it  was  opened  for  half  an  hour  and 
then  the  surface  of  the  clothes  was  sampled.  Big 
peaks  of  each  laggant  were  observed,  showing  that 
the  clothes,  which  are  exposed  to  the  taggant  vapour, 
are  strongly  contaminated  with  these  substances.  The 
same  observation  was  made  at  the  surface  of  a 
briefcase,  that  had  never  been  handled  directly  with 
the  taggania  in  before.  It  was  standing  near  the 
preparation  place.  On  its  surface  small  amounts  of  o- 
MNT  as  well  as  p-MNT  were  measured  by  a  single 
saiffing  experiment 

5.  STABILtry  OF  THE  MARKING  AGENI'S 

The  stability  of  the  laggr>nls  in  the  plastic  explosive 
was  investigated  by  analytical  uiea-suremcnis  after  one 
year  of  storing.  The  marked  explosives  were  formed 
to  small  balls  and  laid  at  a  well  ventilated  place 
without  any  wrapping.  After  one  year,  samples  were 
taken  from  the  center  of  the  ball  and  the  outer 


surface.  The  samples  were  analyzed  by  HPLC  and 
GC-MS  to  quantify  the  amount  of  the  remaining 
tagging  substance  (Figures  3  and  4).  Analysis  of  the 
DMNB  marked  ball  gave  a  2  times  higher 
concentration  in  the  sample  from  the  center  conq»red 
to  the  surface  sample.  A  possible  explanation  for  that 
big  difference  is  the  relatively  slow  diffusion  velocity 
compared  to  the  evaporation  iiom  the  surface.  It  is 
believed,  that  such  an  effect  may  reduce  the 
detectability  considerably.  The  o-MNT  and  the  p- 
MNT  could  only  be  analyzed  as  very  low  amounts  by 
overloading  the  HPLC,  quantification  or  calculation 
of  ratios  was  not  possible.  In  GC-MS  analysis  none 
of  the  two  substances  were  found  in  the  explosives 
that  were  stored  without  wrapping.  Samples  of  the 
same  explosives  that  were  stored  in  a  closed  bottle 
gave  clear  signals  for  both  taggaats.  It  seems  that  the 
mononitrotoluenes  are  lost  by  the  one  year  of 
unpacked  storing.  To  get  a  final  conclusion  it  is 
necessary  to  repeat  such  experiments  with  bigger 
amounts  of  explosives  formed  to  different  shapes 
(plates,  balls,  blocks). 


6.  CONCLUSION 

The  detectability  of  Geman  plastic  explosive  is 
considerably  ea^ced  with  addition  of  the  taggmg 
substances.  The  best  results  were  obtained  by 
marking  with  o-mooooilrololuene  but  the  evaluation 
of  stability  investigations  shows,  that  both 
nitrotoluenea  are  lost  very  fast  by  storing  the 
unwrapped  explosives.  Additionally,  t^csrcinogeiuc 
properties  of  the  nitroaromatic  iaggants  may  prevuit 
their  usage.  Dimethyidinitiobutane  shows  a  moderate 
detection  behaviour,  but  it  teems  to  stick  for  a  longer 
time  in  the  plastic  explosive.  Somt)  serious  doubts 
exiiU  shout  the  routine  checks  of  real  baggage. 
Because  the  existing  vapour  detectors  have  to  be 
extended  with  additional  detection  windows  for  all  the 
possible  tagganta,  the  false  alarm  rate  may  increase 
to  a  very  high  value.  Eiqrecialiy  the  nitrotoluenes 
have  very  similar  polaritiet  and  vapour  presturea  to 
a  lot  of  odorous  nibstances.  Some  experiences  in 
recent  EVD  tests  in  Oennaoy  possible 

interferences  between  tdtrosfonialics  and  pi^mes. 
If  lalie  alarm  rate  only  rises  in  Uie  range  higher  than 
I  %,  the  usage  of  the  method  may  be  impractical. 
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Tests  with  the  ICAO  standard  box  (1) 


measure:  peak  heights  after  x  hours 
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Tests  with  the  ICAO  standaid  box  (2) 


measure:  peak  heights  after  x  hours 
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Test  with  the  ICAO  standard  box:  8amplin9  o-MNTO.l  after 
24  hours  without  burping 


Figure  2 
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Vapour  pressure  of  the  substances  above  the  marked  Geroan 
plastic  explosive  (Seismoplast) 

Plastic  +  0.1%  O'-HNT  100  ppbv 
Plastic  -*>0.5%  o-MNT  »  460  ppbv 
Plastic  -f  0.1%  p-NNT  •  50  ppbv 

Plastic  4*  0.5%  p-NNT  •  200  ppbv 

Table  2 


7J1 


*S?D-M6A  POST  ANALYSIS  nuIti-chranatograM  CHI _  CH2 _  CHS _ 

CHl:  218-Z10(nn>)  CH2  :  278-278(nR) 


I  '  I  ■  ^  ‘  I  ^  !  I  ^  ^ 


a  2  4  6  8  18  12  14  16  18  20 

ABS./FS:  .885  NIN/DIU:  1  TlflEIwin):  -8.63  ABS.:  8.8858 


HPLC  overloading  analysis  of  p-MNT  0.5  after  one  year  storag 


Figure  3 


732 


PROGRAM  TO  TAG  MILITARY  PLASTIC/SHEET  EXPLOSIVES 


Sarah  Eng,  Joseph  Lannon,  and  Carolyn  Westerdahl 
U.S.  Army  Armament  Research  Development  and  Engineering  Center 
Picatinny  Arsenal,  NJ 


1.  INTRODUCTION 

Although  there  have  been  efforts  by  private  and 
Government  investigators  to  tag  explosives  for  more 
than  20  years  as  evidenced  by  the  establishment  of 
the  Advisory  Committee  on  Explosives  Tagging  in 
1973,  this  effort  took  on  renewed  urgency  in 
response  to  the  PAN  AM  103  tragedy  in  December 
1988.  The  Internationa}  Civil  Aviation  Organization, 
a  United  Nations  Committee,  pursued  an  international 
convention  which  requires  the  tagging  of  all  plastic 
explosives  (including  flexible  sheet  explosives)  with 
an  ingredimt  that  will  make  the  explosives  detectable 
with  existing,  commercial  explosive  vapor  detectors. 

The  United  States  Government  participated  in  the 
diplomatic  conference  which  ratified  the  convention 
in  February,  1991.  This  convention  requires  all 
manufacturers,  including  the  government,  to  begin 
tagging  all  plastic  explosive  production  after  1 
January,  1994  and  to  ensure  that  no  untagged 
inventory  of  unincorporated  explosive  remains  after 
that  date  for  civilian  use,  or  after  I  January  1997  for 
military  use. 

The  Department  of  State  was  the  U.S.  lead  for 
negotiating  the  international  agreement.  Within  the 
Department  of  Defense  the  U.S.  Army  has  been 
given  the  technical  lead  to  plan  and  implement  the 
negotiated  convention.  The  Armament  Research, 
Development  and  Engineering  Center,  ARDEC,  has 
provide  the  technical  support  from  the  onset  of 
Army  involvement. 

2.  OBJECTIVES 

The  first  objective  of  this  program  was  to  identify 
candidate  Uggants  which:  are  reliably  detectable  by 
commercial  vapor  detectors  with  minimal  false 
alarms;  are  compatible  with  the  explosives  with 
which  they  come  in  contact;  do  not  degrade  other 
materials  with  which  they  are  packaged;  do  not 
degrade  the  performance  or  safety  of  the  plastic 
explosive  in  which  they  are  incorporated;  have  an 


acceptable  lifetime  within  the  explosive;  and  can  be 
safely  manufactured  and  stored. 

After  identifying  the  most  promising  taggant  this 
program  has  the  goals  of:  carrying  out  all  necessary 
health  and  safety  tests;  ensuring  that  the  explosive 
and  the  related  items  can  be  produced;  identifying  all 
items  within  the  DoD  which  use  plastic  explosives; 
testing  and  requalifying  them  as  necessary;  numaging 
the  inventory  so  the  minimum  amount  needs  to  be 
di^Msed  of  in  1997. 

3.  APPROACH 

ARDEC  began  work  on  this  project  in  FY  90  with 
money  provided  by  The  Department  of  State.  A 
candidate  taggant  was  identified,  and  several 
preliminary  tests  were  conducted  in  the  plastic 
explosive  Composition  C-4.  This  is  the  only  plastic 
explosive  manufactured  by  DoD.  The  program 
schematic  is  depicted  in  Figure  1.  Phase  1  of  this 
program  was  the  identification  of  candidate  taggants 
through  literature  search  and  knowledge  of  explosive 
characteristics  using  the  above  Objectives.  There  was 
extensive  interaction  with  the  scientific  community  of 
other  nations  who  are  interested  in  this  effort. 

Phase  II  had  two  parts.  There  was  small  scale  testing 
of  the  candidate  taggant  to  determine  compatibility, 
sensitivity,  performance,  detectability,  and  toxicity. 
There  was  also  consultation  with  the  other  services 
and  other  parts  of  the  Army  to  identify  concerns;  e.g. 
which  items  incorporate  plastic  explosives  and  may 
need  requalification. 

Phase  III  has  5  main  parts:  Full  scale  toxicity  and 
environmental  testing;  manufacture  and  qualification 
of  Composition  C-4;  testing  for  degradation  of 
neighboring  materials;  manufacture  and  qualification 
of  selected  end  items;  and  management  of  inventory. 
The  last  part  is  not  bandied  by  ARDEC. 

3.1  Full  scale  toxicity  nnd  environmeniat  testing  has 
begun  at  the  Army  Environmental  Hygiene  Agency. 
These  tests  will  determine  if  particular  care  is 
required  in  the  manufacture  and  handling  of  the 
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tagged  material. 

3.2  One  of  the  primary  concerns  in  the  manuhicture 
of  tagged  plastic  explosive  is  ensuring  the  uniform 
distribution  of  the  taggant.  Experimmts  are  planned 
using  colored  material  to  monitor  the  diqiersal  in  the 
mixer.  Alter  a  large  batch  of  the  tagged  material  is 
manuftctured,  the  distribution  will  be  tested,  die 
required  performance  and  safety  tests  will  be 
conducted,  then  all  documentation  will  be  modiried. 

3.3  A  testing  program  has  been  outlined  to 
determine  the  effect  of  the  taggant  on  the  non- 
energetic  components  in  the  end  items.  These  are 
things  like  plastic  sheets,  adhesives,  and  plastic  parts. 
These  will  be  aged  at  elevated  temperatures  and  high 
humidity  with  the  tagged  and  untagged  explosives, 
then  be  examined  for  degradation. 

3.4  Not  only  the  basic  explosive  but  also  key 
armament  items  made  with  the  explosive  will  be 
requalified  i.e.  have  the  performance  and  safety 
testing.  The  documentation  for  all  items  using 
plastic/sheet  explosives  will  be  changed  and  new 
National  Stock  Numbers  will  be  issued.  This  includes 
not  only  items  made  with  Composition  C-4  but  also 
those  made  with  commercial  sheet/flexible  explosive. 

3.5  Stockpile  management  is  a  tri-service  effort 
which  is  coordinated  from  the  Office  of  the  Single 
Manager  for  Conventional  Ammunition. 

4.  STATUS 

The  following  work  has  been  carried  out  on  batches 
of  tagged  Composition  C-4  made  in  the  laboratory  at 
Holston  Army  Ammunition  Plant.  Many  of  the  tests 
will  be  repeated  with  the  material  from  the  full  scale 
manufacture. 

4.1  The  taggant’s  detectability  was  measured  with 
the  International  Civil  Aviation  Organization  (ICAO) 
suitcase  using  five  different  commercial  explosive 
vapor  detectors.  This  gave  guidelines  as  to  the 
minimum  concentration  of  the  taggant  which  could  be 
used. 


4J  Sensitivity  and  performance  tests  aich  as 
compatibility,  impact  sensitivity,  detooatioo  velocity 
and  plate  dent  were  carried  out  on  material  produced 
in  the  laboratory  to  compare  the  tagged  and  untagged 
C-4. 

4.4  Mechanical  property  tests  con^Mued  the  tagged 
and  untagged  C-4. 

4.5  The  pure  taggant  was  used  in  in-vitro  and  in- 
vivo  toxicity  tests  for  mutagenicity  and 
carcmogenicity,  as  well  as,  oral  LDSO  tests  for  the 
Swiss-Webster  mouse. 

5.  CONCXUSION 

There  has  been  extensive  tri-service  co-ordirudon  on 
this  program  and  diat  continues.  Large  scale  toxicity 
tests  have  begun  and  envirorunental  tests  are 
scheduled.  The  Workplan  and  schedule  for  the 
remaining  tests  have  been  finalized.  It  appears  that 
the  Department  of  Defense  will  be  able  to  meet  the 
deadline  for  incorporating  taggant  into  plasdc 
explosives. 


4.2  Accelerated  aging  tests  are  being  conducted  at 
several  temperatures  to  detetmine  the  loss  of  taggant 
from  the  Composition  C4  with  the  objective  of 
predicting  an  overall  lifetime  for  the  taggant  in  the 
explosive. 
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FIGURE  1.  PROGRAM  SCHEMATIC  FOR  VAPOR  TAGGANT  PROGRAM 
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AN  IMPROVED  VAPOR  TAGGANT  DETECTOR 


T.  H.  Chen 

U.  S.  Anny  Armament  Research,  Development,  and  Engineering  Center 
Picatinny  Arsenal,  New  Jersey  07806-5000 


1.  INTRODUCTION 

An  international  effort  in  the  tagging  of  plastic 
explosives  with  vapor  taggants  culminated  in  the 
signing  of  an  international  convention  this  year.  As 
part  of  this  effort,  we  conducted  the  detectability  of 
a  vapor  taggant  in  concealed  modified  Coii^>osition 
C-4  using  several  off-the-shelf  portable  commercial 
explosive  vapor  detectors. 

One  detector  was  found  to  perform  quite  well. 
However,  this  detector  which  is  based  on  GC/ECD, 
has  a  turnaround  time  of  approximately  two  minutes. 
This  is,  of  course,  too  long  for  passenger  screening 
purposes.  Furthermore,  the  retention  windows  are 
fairly  wide  which  could  lead  to  potential  false  alarms. 
In  addition,  the  hand-held  sampler  does  not  lend  itself 
for  automated  sampling  applications.  The  ion 
mobility  spectrometer  (IMS)  type  detectors  were 
found  to  be  quite  unsatisfactory  for  the  detection  of 
the  taggant. 

The  objective  of  this  paper  is  to  briefly  spell  out  the 
general  requirements  for  optimizing  various  important 
parameters  such  as  the  turnaround  time,  sensitivity 
and  selectivity  of  detection,  and  the  sanqiling 
protocol. 

2.  EXPERIMENTAL 
2.1  Apparatus 

A  portable  explosive  vapor  detector  of  GC/ECD  type 
with  dual  packed  columns  was  used  in  the 
improvement  of  an  international  sampling  protocol. 

3.  RESULTS  AND  DISCUSSION 

The  vapor  taggant  detector  for  passenger  screening 
applications  requires  a  very  short  turnaround  time 
(about  10  seconds).  I  believe  that  a  low-cost,  rapid 
response  portable  vapor  taggant  detector  based  on 
GC/ECD,  or  gas  chromatograph/mass  spectrometer 
(GC/MS)  or  MS  alone,  or  gas  chromato- 
graph/chemiluminescence  detector  (GC/CLD)  could 


be  built.  The  discusstm  in  this  pq>er  will  be  limited 
to  the  GC/ECD  type. 

Experimentally  so  fv,  we  have  only  examined  the 
taggant  sanq)liog  protocol  (see  our  paper  in  this 
volume  on  the  detection  of  taggant  in  modified 
Conqxisition  C-4).  We  feel  that  we  have  made  a 
significant  inq)rovemeot  in  the  existing  international 
detection  protocol  and  concluded  that  an  effective 
sampling  protocol  must  incorporate  a  sampling  device 
and  procediue  to  enable  sampling  of  taggant  vapor 
from  inside  the  suitcase  with  minimum  sampling  of 
outside  air  from  around  the  sanq>ling  area.  We  are 
currently  working  on  a  device  incorporating  our  latest 
findings  for  sampling  taggant  vapors  from  the  "real 
world*  suitcases. 

To  my  knowledge,  an  efficient  sample  concentrator 
properly  interfaced  to  the  portable  GC/ECD,  or 
GC/MS  for  automated  analysis  is  not  available  at 
present.  This  device  is  quite  important  in  the  overall 
scheme  of  taggant  detection.  It  must  be  capable  of 
concentrating  the  taggant  vapor  and  delivering  a 
concentrated  slug  of  taggant  to  the  separation  columns 
very  rapidly  and  automatically. 

In  order  to  shorten  the  analysis  time,  increase  the 
sensitivity  and  specificity  and  thus  reduce  the  false 
alarm  rate,  use  of  short,  rugged  high  resolution 
columns  is  essential.  These  columns  became 
available  only  recently.  The  multicolumn  approach 
will  obviously  enable  the  identification  of  taggants 
with  greater  confidence. 

Use  of  ECD  should  be  satisfactory  for  taggant 
detection  although  other  taggant-specific  detectors 
should  be  carefully  examined. 

In  order  to  achieve  the  very  short  overall  turnaround 
time,  the  dead-volume  and  the  heat  sink  throughout 
the  entire  detection  system  should  be  eliminated,  or 
minimized. 

Finally,  the  detector  should  be  designed  for  tugged 
automatic  operation  and  be  as  *user  friendly*  as 
possible. 


4.  SUMMARY 


The  general  system  requirements  for  a  low-cost, 
rapid  response  portable  vapor  taggant  detector  based 
on  GC/ECD,  which  is  suitable  for  passaiger 
screening  as  well  as  other  applications,  have  been 
briefly  discussed. 
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D.  A.  Wiegand,  and  M.  S.  Kirshenbaum 
U.  S.  Army  Armament  Research,  Development,  and  Engineering  Center 
Picatinny  Arsenal,  New  Jersey  07806-5000 


1.  INTRODUCTION 

An  interoational  effort  in  the  tagging  of  plastic 
explosives  with  vapor  taggants  which  culminated  in 
the  signing  of  an  international  convention  this  year. 
As  part  of  this  effort,  modified  Composition  C-4 
homogeneously  tagged  with  1  and  0.1  v4  %  vapor 
taggant  were  prepared  at  plant  laboratory  scale  and  a 
complete  characterization  of  the  modified 
Composition  C-4  was  conducted.  The  objective  of 
this  paper  is  to  evaluate  all  parameters  which  are 
crucial  in  the  detection  of  concealed  tagged  plastic 
explosives,  performance  of  tagged  explosives,  and 
safety.  Preparation  of  homogeneous  specimens  is 
critical  to  obtaining  valid  conclusions. 

The  parameters  investigated  include  homogeneity, 
detectability,  life-time,  stability,  compatibility, 
performance,  sensitivity,  mechanical  properties,  and 
toxicity. 

This  paper  will  briefly  describe  the  comprehensive 
studies  conducted  and  discuss  the  conclusions 
obtained. 

2.  EXPERIMENTAL 
2.1  Apparatus 

A  ternary  high  performance  liquid  chromatograph 
was  used  in  the  analysis  of  the  taggant.  Several  off- 
the-shelf  commercial  portable  explosive  vapor 
detectors  and  a  portable  particulate  explosive  detector 
were  used  in  the  quantitative  detectability  evaluation 
of  the  chosen  taggant  in  the  concealed  tagged 
Composition  C-4  using  an  international  protocol.  A 
differential  scanning  calorimeter  was  used  in  the 
stability  and  compatibility  studies.  Other  physico¬ 
chemical  tests  were  conducted  in  accordance  with 
standard  military  specification  methods. 


3.  RESULTS  AND  DISCUSSION 

In  order  to  simulate  a  situation  as  close  as  possible  to 
the  'real  world",  the  modified  Composition  C-4 
tagged  with  the  taggant  at  nominally  1.0  and  0.1  wt. 
%  concentrations  was  prepared  using  a  two-pound 
scale  manufacturing  plant  equipment.  A  total  of  50 
pounds,  i.e.,  25  batches,  each  of  control  (untagged), 
tagged  at  1.0  wt.  %,  and  tagged  at  0.10  wt.  % 
compositions,  were  prepared. 

A  total  of  five  cored  samples  were  obtained  from 
each  of  the  50  pound  cubic  blocks  of  tagged 
Composition  C-4  containing  approximately  1.0  and 
0. 10  wt.  5S  taggant  to  determine  the  homogeneity  of 
taggant  distribution.  The  five  samples  represent  the 
center-top,  center-middle,  and  center-bottom  along 
the  vertical  axis,  left-side,  and  the  right-side  along 
the  horizontal  central  axis.  The  samples  were 
analyzed  by  the  high  performance  liquid 
chromatographic  method  (HPLC)  developed  for  this 
work. 

The  samples  were  found  to  be  homogeneous  within 
the  experimental  error  and  the  concentrations  were 
identical  to  the  nominal  values.  Thus,  the  simple 
mixing  process  and  equipment  used  enabled  the 
preparation  of  homogeneous  specimens  without 
taggant  loss. 

Among  the  five  detectors  tested,  only  two  detected 
the  taggant  in  concealed  Composition  C-4  tagged  at 
the  1.0  and  0.1  wt.  %  levels.  One  is  capable  of 
producing  reproducible  quantitative  detector  response 
for  the  taggant  with  a  detection  limit  of  approximately 
5  picograms  and  the  detection  time  of  approximately 
2  minutes.  The  response  of  the  other  is 
nonquantifiable  and  this  detector  sometimes  detected 
the  taggant  as  a  halogenated  compound,  a  false 
response.  Although  incapable  of  detecting  the 
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taggant,  tbo  particulate  detector  tested  was  excellent 
in  the  detection  of  l,3,S-trinitro-l,3,S- 
triazacyclohexane  (RDX)  from  both  outside  and 
inside  of  the  suitcase  contaminated  with  Composition 
C-4. 

The  life-time  studies  have  not  been  completed. 
However,  the  results  obtained  so  far  indicate  that  the 
life-time  of  the  taggant  in  Composition  C-4  will  meet 
the  requirement. 

The  results  of  both  the  standard  compatibility  test  and 
the  differential  scanning  calorimetry  (DSC)  study  on 
the  tagged  Composition  C-4  were  indistinguishable 
from  the  untagged  control  Composition  C-4  within 
the  experimental  error.  The  compatibility  between 
the  taggant  and  pentaeiythritol  tetranitrate  (PETN) 
was  also  tested  and  they  were  found  to  be 
compatible.  Other  plastic  explosives  containing 
PETN  are  therefore  likely  to  be  compatible  with  the 
taggant.  Furthermore,  the  taggant  was  found  to  be 
very  stable.  In  £mt,  it  is  more  stable  than  RDX. 

The  results  of  the  impact  sensitivity  test,  shock 
sensitivity  test,  detonation  velocity  measurements, 
and  the  plate  dent  test,  an  output  test,  showed  no 
significant  differences  between  the  tagged  and'  the 
control  Composition  C-4  within  the  experimental 
error. 


only  a  minor  change  is  needed  in  the  current 
manufacturing  process. 

The  results  of  the  comprehensive  studies  on  the 
physico-chemical  properties  of  the  modified 
Composition  C-4,  tagged  with  1.0  and  0.1  wt.  % 
taggant  selected,  established  that  the  properties  of 
Composition  C-4  are  unaffected  by  the  taggant. 

The  selected  taggant  meets  all  critical  requirements 
for  tagging  of  plastic  explosives. 


The  results  of  fn-Wtro  and  in-vivo  short-term  toxicity 
tests  indicate  that  the  taggant  is  neither  mutagenic, 
nor  carcinogenic.  The  oral  LDSO  for  the  Swiss- 
Webster  mouse  was  estimated  to  be  similar  to  that  of 
RDX  for  rat.  Since  RDX  constitutes  the  main 
component  of  the  Composition  C-4,  the  toxicity  of 
the  taggant  at  the  1.0  wt.  %  or  lower  levels  is 
acceptable  unless  the  results  of  additional  long-term 
tests,  which  are  being  conducted,  indicate  otherwise. 

The  results  of  mechanical  property  tests  by 
compression  measurement  of  cylindrical  samples 
showed  no  significant  difference  between  the  tagged 
Composition  C4  and  the  control  within  the 
experimental  error. 


4.  CONCLUSIONS 

A  homogeneously  tagged  Composition  C-4  can  be 
prepared  by  a  simple  proc^ure  at  the  plant 
laboratory  scale.  It  is  anticipated  that  in  the  large 
scale  manu£wture  of  the  modified  Composition  C-4, 
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DETECTION  OF  TAGGANT  IN  MODIFIED 
COMPOSITION  C-4  TAGGED  WITH  A  TAGGANT 
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U.  S.  Amy  Amament  Research,  Developmoit,  and  Engineering  Center 
Picatinny  Arsenal,  New  Jersey  07806*5000 


1.  INTRODUCTION 

In  the  comparative  evaluation  of  the  detectability  of 
vapor  taggants  from  concealed  plastic  explosives,  it 
is  absolutely  essential  to  develop  a  standard  detection 
protocol  which  is  capable  of  obtaining  reproducible 
results.  The  current  protocol  is  grossly  inadequate 
for  yielding  such  data.  Thus,  the  recent  comparative 
studies  by  international  experts  on  the  comparaiive 
evaluations  of  the  detectability  of  vapor  taggants  hom 
concealed  plastic  explosives  have  been  unsatisfactory. 

The  aim  of  this  paper  is  to  examine  various 
parameters  of  the  detection  protocol  and  devise  a 
scheme  including  design  and  sampling  procedure 
changes  to  obtain  reproducible  detector  response. 

The  improvement  strategy  essentially  involves 
redesign  of  the  sampling  slit  and  sampling  procedure 
which  ensure  sampling  of  vapors  from  inside  the 
suitcase. 

2.  EXPERIMENTAL 

2.1  Apparatus  and  Reagents 

A  Varian  5500  High  Performance  Liquid 
Chromatograph  and  a  Scintrex  EVD1*DC  Explosive 
Vapor  Detector  were  used  in  the  analysis  and 
detection  of  the  taggant  from  the  standard  suitcase, 
respectively.  The  mobile  phase  .solvent.**  employed  in 
the  high  purfomtunce  liquid  chronutography  (HPLC) 
were  the  HPLC  Grade. 

3.  RESULTS  AND  DISCUSSION 

In  order  to  simulate  a  situation  as  close  as  pos.sibte  to 
the  "real  world',  the  modified  Composition  C*4 
lagged  with  a  taggant  at  nominally  1.0  and  0.10  wt. 
%  concentrations  was  prepared  using  a  two*pound 
scale  manufacturing  plant  equipment,  A  total  of  SO 
pounds,  i.e.,  25  batches,  es^  of  control  (untigged), 
tagged  at  1.0  wt.  K,  and  tagged  at  0.10  wt.  % 
compositions,  were  prepared. 


A  total  of  five  cored  samples  were  obtained  from 
each  of  the  50  pound  cubic  blocks  of  tagged 
Composition  C^d  containing  approximately  1.0  and 
0. 10  wt.  %  taggant  to  determine  the  homogeneity  of 
taggant  distribution.  The  Eve  samples  represent  the 
center'top,  center-middle,  and  center-bottom  along 
the  vertical  axis,  leE-side,  and  the  right-side  along 
the  horizontal  central  axis.  The  samples  were 
analyzed  by  the  HPLC  method  develop^  for  this 
work.  The  blocks  containing  nominally  0.11  and  1 . 1 
wt.  %  taggant  were  found  to  contain  0. 107  (n  10, 
RSD  =  15  %)  and  1.108  wt.  %  (n  =10,  RSD  = 
5.69  %)  taggant.  The  samples  are  homogeneous 
within  the  experimental  error  of  the  method 
developed. 

The  International  Civil  Aviation  Organization’s 
(ICAO)  standard  suitcases  were  used  in  the 
improvement  of  the  ICAO's  detection  protocol.  Our 
previous  work  as  well  as  those  of  other  nations  were 
not  reproducible  and  thus  a  meaningful  quantitative 
comparative  evaluation  of  the  detectability  of  taggants 
in  concealed  plastic  explosives  employing  portable 
off-the-shelf  commerciil  explosive  vapor  detectors 
could  not  be  made.  Furthermore,  our  use  of 
thermocouples  imbedded  in  the  suitcases  for 
temperature  measurement  and  substitution  of 
newspaper  with  ■  speciEed  newsprint  m  eliminate 
print  inks  still  did  not  improve  the  results.  We  have 
therefore  c<mcluded  that  the  slit  design  and  the 
sampling  protocol  might  be  the  principal  causes  of 
non-reproducibility  of  detector  response. 

In  the  ICAO’s  standard  suitcase,  the  slit  nude  by  a 
razor  blade  or  a  narrow-blade  knife  on  the  corrugated 
cardboard  is  not  rigid.  Furthermore,  the  slit  width  is 
undeEned.  We  feel  that  'burping'  should  not  be 
used  in  any  quantitative  studies  as  it  would  distort  the 
cardboard  slit  in  a  noo-reproducible  manner.  To 
eliminate  this  undeEned  parameter,  a  slit  (0.38  ± 
0.04  mmXsltt  width)  x  100  mm  (length),  wu 
ftbricated  on  an  aluininuffl  plate  with  a  dimension  of 
1S.24  cm  (L)  X  7.62  cm  (W)  x  0.16  cm  (T).  Utia 
plate  was  attached  to  the  aide  of  the  suitcase,  with  the 


original  slit  enlarged  to  the  width  of  5  nun,  so  that 
the  center  axis  of  the  <.ew  slit  was  directly  above  that 
of  the  enlarged  original  slit. 

However,  the  results  obtained  were  not  sufficiently 
Irreducible.  We  attributed  this  to  imprecise 
sanrling  of  taggant  vapor  from  inside  the  suitcase. 
Therefore,  the  metal  slit  was  further  modified  to 
eliminate  the  possibility  of  sampling  air  from  around 
the  slit  area.  Figure  1  shows  the  detail  of  the  slit. 
The  length  of  the  latter  is  confined  to  within  the  inner 
diameter  of  the  o-ring  groove.  Proper  sampling 
requires  pressing  of  the  outer-end  of  the  absorption 
tube  vertically  and  squarely  on  the  o-ring,  i.e.,  lining 
up  the  central  axis  of  the  tube  with  that  of  the  o-ring 
w^e  exerting  sufficient  pressure  on  the  o-ring  to 
avoid  sampling  of  air  from  around  the  o-ring. 

Figure  2  shows  a  strip  chart  recording  of  the  sample 
taken  using  the  new  slit  and  sampling  procedure  from 
inside  ICAO's  standard  suitcase  containing  all 
materials  specified  exetpt  tagged  C-4.  This  test  is 
conducted  to  rule  out  the  use  of  contaminated 
suitcases.  The  arrow  indicates  the  retention  time  of 
the  taggant.  It  should  be  noted  that  only  one 
absorber  tube  was  used  throughout  this  study. 
Furthermore,  the  tube  was  put  through  the  ’clean* 
cycle  of  the  detector  after  ea^  8anq>Iiog  to  remove 
any  possible  memory  effect.  The  signal  in  Figure  1 
is  identical  to  that  of  a  typical  air  sample,  establishing 
the  suitcase  to  be  titmnwtotwiMiod. 

Figure  3  shows  the  signal  from  the  niitcase 
containing  C-4  tagged  with  0. 1  wt.  %  taggant  at  the 
TS-minute  mark  after  the  placing  of  the  explosive  in 
the  suitcase  and  the  sealing  off  of  the  suitcase  with  a 
apeoified  tape.  The  taggant  signal  is  quite  strong  and 
easily  detectable  at  78  minutes. 

Figure  4  displays  the  signal  of  20.84  picogiams  of 
taggant  to  show  the  sensitivity  of  the  detector  used. 
Tlie  latter  is  capable  of  detecting  about  S  picogranut 
of  the  taggant. 

In  Figure  5,  the  calibration  curve  for  taggant 
quantitation  is  shown.  As  can  be  seen  from  the 
figure,  the  electron  capture  detector  of  the  detector  is 
quite  non-linear.  Thus,  the  linear  range  extends  only 
fnom  about  100  to  about  400  picograms  (see  the 
Inaeit).  Since  the  chart  paper  was  not  provided  with 
an  electronic  integrator,  t^  area  integration  of  the 
signal  wu  performed  by  cutting  and  weighing  the 
piqter,  which  is  not  a  very  satisfactory  quantitation 


method.  However,  at  62.52  pg  taggant  level,  the 
RSD  was  7.7  %  (n  =  6),  a  reasonably  good  number 
(see  the  enor  bar  in  the  Insert). 

Figures  6  and  7  show  the  quantitative  detector 
response  in  pg  as  a  function  of  time  of  taggant 
samples  taken  from  two  ICAO  standard  suitcases  up 
to  about  3000  and  500  hours,  respectively.  Samples 
were  not  taken  between  about  500  to  2800  hours. 
The  temperatures  at  the  time  of  sampling  varied  from 
22.2  to  24.0  oC.  The  suitcases  contained 
Composition  C-4  tagged  with  0.1  and  1.0  wt.  % 
Uggant,  req)ectively.  Considering  that  the  sample 
flow  rate  of  the  hand-held  sampler  was  not  calibrated 
and  the  crude  integration  met^  was  employed,  the 
results  are  quite  acceptable. 

The  reason  for  the  apparently  somewhat  faster 
response  from  the  suitcase  containing  C-4  tagged  with 
0.1  wt.  %  is  not  clear  at  this  time.  The  random 
packing  of  the  crumpled  newsprint  may  have  played 
a  role.  This  parameter  will  be  examined  in  our 
future  efforts.  The  relative  response  times  of  the 
concealed  C-4  tagged  with  0.1  and  1.0  wt.  %  taggant 
will  be  closely  studied  because  significantly  different 
values  will  have  obvious  important  implications  in 
airport  security.  It  may  be  noted  that  the  taggant 
was  detected  within  20  minutes  at  about 
23  oC.  The  reproducibility  of  this  observation 
will  be  carefully  examined  in  our  future  efforts. 


In  order  to  demonstrate  the  importance  of  appropriate 
sanqding  procedure,  the  lateral  distance, 
perpendicular  to  the  slit,  between  the  center  of 
the  slit,  i.e.,  the  center  of  the  o-ring,  and  the  central 
axis  of  the  sampling  tube,  as  well  as  the  vertical 
distance  between  the  center  of  the  plane  of  the  outer- 
end  of  the  absorption  tube  and  the  center  of  the  slit, 
were  carefully  changed  very  slightly  prior  to 
sampling  and  the  effects  of  th^  parameters  on  the 
taggant  detectability  were  examined. 

Figure  8  Illustrates  the  dramatic  decrease  in  the 
taggant  detection  sensitivity  from  an  ICAO's  standard 
suitcase  containing  SO  grams  of  concealed  modified 
Composition  C-4  tagged  with  about  0.1  wt.  % 
taggant  after  approximately  SOO  hours  (see  Figure  6). 
By  umving  the  absorption  tube  away  directly  above 
tlw  slit  only  about  0.2  nun,  the  sensitivity  dropped  by 
essentially  an  order  of  magnitude.  It  may  be  noted 
that  the  vertical  distance  is  a  much  more  critical 
parameter  than  the  lateral  one.  The  results  very 
strongly  suggest  that  the  improper  slit  design  and 
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imprecise  and  faulty  sampling  procedure  are  the 
prime  causes  for  the  unreliable  results  obtained  in  the 
past. 

4.  CONCLUSION 

This  work  very  strongly  suggests  that  improper  slit 
design  and  imprecise  and  faulty  sampling  procedure 
are  the  prime  causes  for  the  unreliable  results 
obtained  in  the  comparative  evaluation  of  the 
detectability  of  various  taggants  in  concealed  plastic 
explosives  employing  various  off-the-shelf 
commercial  explosive  vapor  detectors  conducted  by 
the  U.S.  and  other  nations. 

The  key  to  obtaining  reproducible  results  is  direct 
leak-tight  vapor  sampling  from  inside  the  suitcase  to 
prevent  sampling  of  outside  air  from  around  the  slit 
area. 
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Figure  2.  ICAO’s  Standard  Suitcase  Without  C-4 


Figure  3.  Taggant  Detection  at  the  78-Minute  Mark 
from  the  Suitcase  with  C-4  Containing  0.1 
Wt  %  Taggant 
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Rgure  4.  Detection  of  20.84  pg  Taggant 
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Rgure  5.  Calibration  Curve  for  Taggant 
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Figure  7.  Detector  Response  for  the  Taggant  from  ICAO’s  Standard 
Suitcase  as  a  Function  of  Time 


DISTANCE  FROM  THE  CENTRAL 
AXIS  OF  THE  SAMPLING  TUBE 
TO  THE  SLIT’S  HORIZONTAL 
AXIS  (LATERAL  SLIDE) 
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Function  of  Time 


BIOSENSORS 


DRY  IMMUNOCHEMICAL  SENSOR 
FOR  THE  DETECTION  OF  PETN  VAPOR 


H.R.  Lukou,  Fh.D. 
Diametrix  Coipontioo 


1.  INTRODUCTION 

Oiaever  (1973)  showed  that  an  indium  semi  minor 
coated  with  a  monolayer  of  a  substance  would 
undergo  reduced  optical  reflectance  after  incubatioo 
with  a  8oluti(m  of  the  substance’s  antibody.  He  was 
able  to  see  the  effect  with  the  naked  eye.  I^ens  and 
Williams  (1977)  reversed  the  process  by  first 
attaching  the  target  substance's  antibody  to  the  semi¬ 
mirror,  after  which  the  device  would  show  a  decline 
in  optical  density  when  exposed  to  a  solution  of  the 
target  substance.  Lukens  and  WUiiems  (1982) 
subsequently  found  that  the  device  could  also  be  used 
as  an  immunochemical  film  badge  (IPB)  to  detect  an 
airborne  target  substance. 

Early  efforts  to  develop  the  IFB  for  the  detection  of 
airborne  substances  were  plagued  by  such  a  high 
degree  of  performance  variability  th«t  there  were 
doubts  in  some  quatters  that  an  airborne  target 
substance  could  bind  to  its  antibody  until  Lukens 
( 1 990)  demonstrated  such  binding  in  expetimems  udth 
radicdaheled  cocaine  and  morphine. 

Recently  improved  aemimirrors  and  deositoinetry 
have  b^  (d>laioed  and  have  led  to  improved 
performance  of  IPBs.  As  shown  in  tide  paper,  IPBs 
am  now  be  constructed  that  detect  PETN  vapor  in  a 
fewteconda. 

2.  MATERIALS  AND  EQUIPMENT 

Semimirtott,  prepared  by  deposition  of  evaporated 
indium  on  22inm  x  22ffim  x  0.16mm  gtaia 
microscope  slide  covers,  were  obttioed  from  Thin 
Film  Technoloiy,  Inc.  (Buelluw,  CA).  Their  optical 
deniitiea  (ODs)  were  in  the  range  of  0.7  to  0.8,  hat 
each  aemimirror  bad  a  tdghly  uniform  OD  across  its 
surike.  TEM  photr^rNdis  show  that  the  indium  on 
the  semimifvoia  exists  as  islands  of  appfoxiinately  60 
nm  dfMwis*#  aeparaled  from  each  o^  by  about  40 

Antibody  toward  PETN  was  develapod  in  tabbiia  Via 
iqlection  of  an  imatmogeo  produced  in  our 


laboratory.  The  inununogen  was  constructed,  with  the 
help  of  Dr.  0.  Leung,  of  San  Diego,  by  coqjugatinf 
pentrinitrol  (obtained  courtesy  of  Waroer-Lambeft. 
Pharmaceutical  Reaearch  Diviaion)  with  TOB 
(thyroglobin,  bovine).  The  conjugation  procedure 
tegan  by  refluxing  S5  mg  of  pentrinitrol  for  20 
with  46  mg  of  chloroecetic  acid  and  2  ml  of 
9M  NaOH,  in  order  to  substitute  the  acetic  acid 
moiety  for  the  hydrogen  of  the  hydroxyl  group  of 
pentrinitrol.  The  solution  wu  then  adiusted  to  a  pH 
of  7.S  with  HCl.  Then  4.3  ml  of  the  solution  wu 
adjusted  to  5  ml  with  O.IM  phosphate  buffer  (PB), 
pH  7.6.  sad  200  mg  of  1  ethyl  -SO- 
dimethylamioopropyl)catbodii-inide  wu  added  to 
activate  the  ca^xylic  acid  group  of  tha  substituted 
pentrinitrol.  The  reaulting  solution  wu  added 
dropwiw,  with  stirring,  to  10  ml  of  0.01M  PB 
cootsining  100  mg  of  TGB.  The  aolutioo  wu  stined 
one  hour  at  room  temperatuie  and  8  hours  at  4e 
centigrade,  after  udiidb  it  wu  dialysed  againit  0.01M 
phosphate  buffor  (pH  7,6)  for  2  days  at  4o  centigrada 
with  5  changu  of  buHer.  The  dialyxsd  sohdioa 
contaiaed  tha  immunogen. 

The  inmnmogeo  wu  sent  to  the  commeioial  atftihody 
focility  of  Dr.  Leung  for  mixing  with  Fieund's 
adjuvant  and  ip}ectioa  into  nbbita  followed  by 
booster  mjectioos.  Blood  wu  taken  from  tha  rkibits 
at  iaiervala,  and  the  blood  serum,  which  ooota^ned 
polyclonal  antibody  toward  PETN  (Bail*I%TN),  wu 
ftoiM  and  deUvet^  m  this  laboiit^ 

Antibody  towaid  bovine  serum  albuoun  (anii-BSA) 
wu  obtained  from  Sigma  Chemical  Cfoeepany  foa  uu 
u  a  control  on  the  IPS. 

Each  IFB  wu  prepared  by  deposition  of  75  microlitar 
aliquois  of  dilute  aolutionB  of  antl-PETN  and  anti- 
BSA  at  defined,  at^acant,  but  aspanic.  poaliioaa  on 
the  indium  ridaofaaemimirior  and  incubaiiag  for  10 
minutei.  The  sliqufttrj  ee^  of  whi^  cosUained  about 
4E14  molacutoa  of  promia,  were  Uftad  off  widi  a 
pipe!  and  dm  antibody  poiitiona  weta  tinaed  with  a 
stream  of  detodned  water,  the  IFfi  was  then  allowad 
to  dry  in  air  at  room  tamperaflire  ovmai^  The 


procedufe  resulted  in  •  sensor  ares  and  a  control 
area,  each  about  0.4  cm  in  diameter.  Each  area  was 
covered  with  a  monolayer  of  protein  molecules  and 
wu  noticeably  darker  dun  the  untreated  area  of  the 
aenufflitfor. 

The  area  of  the  IFB  containing  anti-PETN  is  referred 
to  aa  the  target  sensor;  i.e.,  the  area  that  senses  die 
target  substance.  The  area  containing  anti*BSA  is 
referred  to  as  the  interference  sensor,  or  control, 
since  it  serves  to  reqwnd  to  general  environmental 
variables,  such  as  and  changes  in  humidity, 
which  will  affect  both  sensor  areas  equally.  Thus,  tte 
control  serves  to  compensate  for  general  variables. 

A  twthchannel  prototype  poftaUe  IFB  render  was 
constructed  to  our  qiecificadons  by  C.  Pqiper,  an 
independent  contractor  in  San  Diego.  The  reader 
qilits  a  common  light  source,  via  light  pipes,  to  the 
target  sensor  (anti-PETN  in  the  present  case)  and 
control  (anti-BSA)  areas  of  the  IFB.  On  the  other 
side  of  each  area  is  a  phototransistor,  two  stages  of 
amplificatioo,  aa  anslog-to-digital  convertor,  and  a 
tluM  decimal  resd'OUt  of  transmitted  light  intensity. 
A  third  oircuit  ounputes  the  latio  of  light  intennty 
through  the  aensor  area  to  the  light  intensity  throu^ 
the  control  area  and  displays  the  ratio  to  three 
Amtmai  places.  Iters  is  also  an  analog  circuit  to 
«(tua(  and  dabiliae  the  lamp  intensity. 

Piaatio  ftames  to  hold  IPBs  for  placement  in  the 
reader  were  designed  and  manufertured  by  4Watd 
Terdi.  Inc.,  rtf  San  Diego.  The  reader's  aampie  aiot 
waa  conatiucled  to  hrdd  the  feimea  amigly  for 
purpoaes  of  eomtant  poatHoning. 

Wheaton  ecrew  cap  Coptin  staining  jais  (10  tdide 
capacity,  3.5  inc^  1^,  66  ml  volume),  eatt 
comaining  4  Hf  of  I^BTN  in  an  opee,  ooa  dram  vial, 
were  uaed  to  mtposc  IFBa  to  PETN  vapors. 

X  EXnSKmENTAL 

Srpariie  toosM  were  used  for  preperiag  and  expoidag 
tPIte.  No  PETN  was  present  in  the  laborelory  used 
for  prspating  and  meaettriag  the  IFBa  in  to 
avoid  premature  expoeure  to  the  target  vapor.  The 
iaboraioty  Wei  ctimaie  controUad  to  the  rangei  of  21 
to  23eC  and  59  to  61  percent  rdative  humsdity.  The 
reader  waa  not  brotij^  into  the  room  where  UPBa 
were  exposed  to  PSItl  vapor. 

Ha  room  in  which  the  expoeure  to  PETN  vapor  was 
caitiad  cut  wm  also  dinuie  controlled,  and  the  atr 


rqilacement  rate  was  one  room  volume  every  30 
minutes.  The  motion  of  sir  in  the  room  could  be  felt 
on  the  skin. 

Messuiements  with  tiie  reader  were  carried  out  by 
insertion  of  the  framed  and  unexposed  IFB  in  the 
aanqile  slot  and  obtaining  nine  readings  of  W,  the 
seasor/control  transmission  ratio.  W  was 
measured  in  the  same  feshion  after  each  of  a  series  of 
timed  exposures  to  PETN  vapor  in  a  Coplin  staining 
jar.  Seventeen  IFBs  were  prepared  and  tested  in  this 
feshion  with  exposure  times  tanging  ftom  one  minute 
to  1400  minutes. 

The  mean  and  standard  deviation  of  the  mean,  s(m) 
of  each  set  of  nine  remlings  was  calculated.  The 
percent  relative  difference,  D,  between  the  pre- 
expoeiue  value  of  W  and  each  post-exposure  value 
wu  calculated,  and  the  standard  deviation  of  the 
differeBce,  8(d),  wu  obtained  by  taking  the  relevant 
s(m>  valuM  in  quadrature.  Student's  i-teat  for  the 
diftetcoce  betwcM  means  wu  applied  at  the  95 
percent  level  of  confidence.  Given  sets  of  itine 
measurements,  Ihedifreteocetscontidendtigitificant 
if  t,  where  t  ■  D/a(d),  is  at  or  above  2.306. 

The  average  a(m)  among  the  109  sets  of  nine 
teedinis  in  this  work  wu  0.019  percfsit  relative,  and 
the  evenge  a(d)  wu  0.025.  Hence,  fo  ibete 
laborstoty  conditiona,  detection  at  the  95  percent 
level  of  confidence  may  he  said  to  have  occurred,  on 
the  average,  whan  D  reached  e  value  of  0.059 
percent,  relative. 

In  order  to  estimate  foe  likely  value  of  D  required  for 
detection  in  foe  field,  a  sii^te  IFB  wu  measured 
many  times  with  frequent  removal  from,  and 
rciMertioe  into,  foe  raider,  and  foe  reader  wu 
moved  several  timu  between  rooms.  From  97 
readini^  under  theae  conditions  it  wu  estimated  foal 
on  foe  i\‘erige,  for  eels  of  9  reedings,  detection  in 
field  condiUou  would  ooxir  uhen  D  reeched  0.152 
percent  relative. 

A  quantity  R,  whkb  is  reUted  to  foe  me  of  change 
of  D,  wu  obtained  by  dividing  D  by  foe  time  of 
exposure,  T:  i.e.: 

R-On"  (I) 

la  foe  case  of  each  IFB  tested,  foe  ralaltonfoip 
between  R  and  minuUe  of  exposure  wu  found  to  bi 
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iq;>re8aited  by  the  power  model. 

R»e*T»  (2) 


For  cooveoieoce,  the  expreuioo  wu  modified  to 
relate  T  and  lOOOR  u  follows: 

lOOOR*  b*T*(m)  (3) 

and  die  value  of  b  and  m  was  found  for  each  IFB. 

The  constants,  b  and  m.  were  obtained  for  each  IFB 
from  experimental  data.  The  performance  of  the  17 
IFBs  is  summariad  in  Table  1.  wherein  the  values  of 
b  and  m  shown  are  used  in  Eq.(3)  to  estimate  the 
minutes  required  for  each  IFB  to  detect  PETN  under 
simulated  field  conditions  (time  for  D  to  equal  0.152 
percent  relative).  The  standard  deviation,  s,  of  the 
observed  values  of  lOOOR  sbout  the  calculated  curve 
for  each  IFB  is  also  given. 

4.  DISCUSSION 

An  IPB  prepared  with  antiserum  has  about  2EIt  to 
4En  binding  sites  per  square  centimeter  (Lukeos, 
1990).  PETN  has  a  vapor  pressure  of  S.dE'd  torr, 
accoHing  to  McReyn^ds  et  al  (1975).  Thus,  at 
saturation,  there  are  about  as  many  molecules  of 
PETN  per  ml  of  air  (2Elt  1)  as  there  are  binding 
sites  per  square  omtimeter  of  IFB.  Since  the  Coplin 
jar  volume  is  66  ml  and  the  sensor  area  is  0.5  square 
centimeter,  there  are  riiout  100  times  the  number  of 
i^BTN  molecules  requited  to  saturate  the  aensor 
area’s  btoding  tiles. 

As  seen  in  table  I.  the  time  to  reach  D  of  0.152 
percent  relative  and,  thus  to  delect  PETN  vi^.  is 
estimated  to  be  leas  than  one  minute  for  10  of  the 
17  IFBs.  The  detectioa  ihrodiold  was  not  reached  for 
19  minutes  or  more  in  5  of  die  17  IFBs,  and  two 
IFBs  reached  the  threshold  in  between  1  and  10 
minutea.  On  this  batis,  it  could  be  argued  that  59 
percent  of  the  IFBs  were  fast  to  very  fast,  12  per»ni 
ware  of  medium  iqiecd,  and  29  percent  were  slow.  In 
this  the  lyiwid  of  the  IFBs  fsh>i***^l  s  bimodil 
dUtrUwtioft.  Four  of  the  five  pun  of  IFBs  behsved 
the  same:  i.e.,  either  both  were  fiuf  to  very  fint  or 
both  were  Now.  Only  one  pnir  split  with  miiect  to 
speed  of  *»«y«f*** 

Tdblc  I  ahowi  dm  dm  data  fit  the  cniculaled  curve 
for  each  IFB  fairly  wall.  It  ia  worth  notisf  that  die 
observad  ICKXUl  vatuea  from  IFBs  2^10  fit  a  general 


power  curve  with  b-247.  1  and  m»-0.9694  with  a 
atandard  deviatkm  of  ±45  percent  relative.  The  data 
and  curve  are  shown  in  Figure  1.  Stmilvly,  for  IFBs 
11>17,  the  slow  IFBs,  die  fit  is  ±35  percent  relative 
to  the  power  curve  widi  b-83.5  and  m»-0.7664. 
These  results  show  considetable  improvement  over 
earlier,  unpubUahed  results  wherein  the  observed 
ICOOR  values  had  a  standard  deviation  of  :±156 
percent  relative  about  the  calculated  power  curve. 

The  calculated  reqioaae  tiinea  of  the  three  ftstest 
IFBs  are  not  expUcidy  given  in  Table  1,  because  of 
the  extent  of  extrapolation  beyond  the  range  of  actual 
exposure  times. 

The  Urge  spmad  in  reapooae  limes  argues  against 
diffusion  as  die  rate  liniiting  factor  in  all  cases.  In 
Uct,  since  the  air  in  the  jar  U  disturbed  when  dm  IFB 
is  inserted  to  begin  an  expoauie,  it  ia  unlikely  that 
any  of  the  observed  reqwnses  were  limited  by  the 
difiutioo  rate  of  PETN  molecules.  In  the  abacooe  of 
diffusion  limitations,  it  might  be  expected  that  the 
Urge  excess  of  airborne  PETN  mNecuUa  in  the 
Coplin  jar  over  the  btoding  sites  on  the  IFB  aanaor 
area  would  result  in  paeudo'firat  order  kinetics. 
However,  the  fact  that  the  data  fit  a  power  model 
indicftea  that  auch  ii  not  the  ciie. 

One  poasibU  explanation  for  the  observad  daclina  is 
rate  of  reapooie  with  time  U  that  not  all  of  the 
binding  aitea  are  aquaBy  accemible  to  dm  PETN 
molecttUa,  but  rather  tl^  there  U  a  gradiant  of 
•cccstibiliiy  of  binding  sites.  VarUbllity  in 
acceaaihility  of  binding  sites  ondd  also  be  an 
imponant  part  of  the  explanaiioo  for  th*  oUanvad 
differences  in  reqwoaaa  among  the  17  IFBs.  Thus, 
Itanting  to  optimim  binding  site  avaiUbiUty  is 
imponaoi  to  the  production  of  uoiformly  fosi  IFBs. 

A  key  factor  relative  to  the  variation  in  timea  to 
detect  PETN  with  the  aeventemi  IFBs  appeara  to  be 
theageofiheaemiminors.  Eleven  and  six  old  (  >10 
CBonihs)  and  new  (  <^2  months)  send  miitiwi, 
respectively,  were  used  to  make  the  iFBt.  The  seven 
IFfo  with  threshold  detectiou  timaa  of  over  I  aofoute 
were  all  made  w4th  old  aemimirtora. 

Frealuieaa  of  dm  antibody  solution  used  to  prepare  M 
IFB  may  he  an  important  (actor,  since  ihrae  of  the 
slow  IFBs  were  mnde  with  day-old  aaiiaetttm 
aolutiotts,  whereaa  all  of  dm  tart  IFBa  were  ttida 
Wfith  freah  aolutioai.  Aleo,  dmre  are  data  to  a^igert 
that  the  level  of  tmee  moiaiure  in  the  IFB  sensor 
areas  U  importanL  RaUvant  to  dua  point  are  the 


fiKtK  I)  IFBs  (kwH  wo(k  when  the  relative  humidity 
dropi  to  1  percent,  and  2)  IFBs  work  best  vidim  the 
tnUtive  humidity  is  hii^  (Lulceas,  1991).  Since  the 
target  sensor  and  oool^  areas  ate  prepared  in  the 
we  ftAioo,  brynning  with  the  same  coocentradoas 
of  their  respective  proteins,  it  is  expected  that  they 
will  contain  equal  quantities  of  trace  mnsture.  Thus, 
the  control  will  compensate  for  changes  in  trace 
moisture  in  the  sensor;  but  it  is  possible  that,  in  the 
field,  IFB  response  will  be  toer  under  conditioos  of 
high  iuimidity. 

Variation  in  sanuaiirfor  wettability  has  also  been 
observed,  and  Ibe  telalionriup  between  due  and  IFB 
peffonnasce  ia  under  inveatigatioa. 

As  more  hi  teamed  of  toe  ftctors  that  govern  IFB 
perfennance,  the  proportioe  of  IFBa  produced  with 
Cut  reanonaea  to  the  tenet  will  imnrove. 
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R.  CHANGE  IN  TRANSMISSION  RATIO  (SENSOR/CONTROL)  DIVIDED 
BY  TIME  OF  EXPOSURE  TO  PETN  VAPOR,  T  (MINUTES) 

^  VS.  T.  AVERAGE  TIME  FOR  DETECTION  «  0.03  MIN. 
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T,  TIME  OF  EXPOSURE 


Figure  1.  Nine  tetlFBs  for  detecting  PETN 


Table  1.  Performance  of  Seventeen  IFBs  for  Sensing  PETN, 
In  order  of  increasing  time  for  detection 


Minutes 

Eg.  (3)  Parameters  to  Sense  s,  %rel. 

IFB  b  m  PETN  (a)(b)  (±)(c) 


1 

1544 

-0.9175 

<0.01 

(1) 

10.8 

2 

191.0 

-0.9808 

<0.01 

(1) 

29.7 

3 

286.1 

-0.9149 

<0.01 

(2) 

1.6 

4 

275.8 

-0.8348 

0.03 

(3) 

24.8 

5 

290.5 

-0.8034 

0.04 

22.2 

6 

274.4 

-0.7735 

0.08 

(3) 

11.8 

7 

214.3 

-0.7959 

0.19 

(4) 

17.7 

8 

180.0 

-0.8599 

0.30 

12.6 

9 

183.1 

-0.8427 

0.31 

(2) 

15.1 

10 

162.2 

-0.6528 

0.83 

37.2 

11 

114.0 

-0.7474 

3.2 

25.9 

12 

97.08 

-0.7703 

7.0 

2.6 

13 

53.88 

-0.6471 

19 

16.7 

14 

114.2 

-0.9099 

24 

(4) 

13.1 

15 

45.32 

-0.6148 

25 

14.6 

16 

25.48 

-0.5169 

41 

(5) 

19.9 

17 

56.77 

-0.7614 

62 

(5) 

6.1 

(a)  Time,  per  Eq.(l),  to  teach  DaO.  152. 

(b)  Pairs  of  IFBs  prepared  at  the  same  time  are  indicated  by  matching  numbers  in  parentheses. 

(c)  Standard  deviation  of  observed  lOOOR  about  the  calculated  curve  for  the  IFB. 


758 


THE  CHALLENGE  OF  BIODETECTION  FOR 
SCREENING  PERSONS  CARRYING  EXPLOSIVES 


Curt  Weinstein,  M.A.,  and  Sidney  Weinstein,  Ph.D. 
Western  Connecticut  State  University 
Danbury,  CT 

Ronald  Drozdenko,  Ph.D. 

NeuroConununication  Research  Laboratories,  Inc.  (NCRL) 
36  Mill  Plain  Road,  Danbury,  CT 


1.  INTRODUCTION 

Only  vapor  detection  is  safe  enough  to  be  used  to 
screen  persons  for  carrying  explosives  into  airline 
terminals,  ball  games,  controiled-access  political 
gatherings,  corporate  buildings,  bus  terminals,  etc. 
Although  there  are  many  vapor  detection  techniques 
available,  none,  as  yet,  surpass  the  following 
parameters,  which  are  based  on  a  biodetection 
model--a  specific  animal  model  developed  at  NCRL. 
Thus,  this  biodetection  technology  becomes  the 
benchmark  with  which  other  detection  technologies 
may  be  judged.  See  Table  1.  The  parameters  reflect 
those  of  NCRfs  SYS-5(tm). 

The  12  parameter  model  is  very  general;  one 
expression  is  NCRL's  SYS-S  in  which  S  detesting 
elements  are  employed  in  simultaneous  independent 
detection.  The  detecting  element  is  the  rat,  a 
specially  pre{>ared  rat.  Following  is  infomution 
about  the  detection  behaviors  of  this  detecting 
element,  considering  both  clean  and  explosively  dirty 
environments. 

1.1  An  EttperimenI  with  the  Detecting  Element  in 
tin  Explosiive*Dirty  Environment 

Introduction.  Although  much  work  has  been 
performed  using  trained  aninuls  to  delect  the 
presence  of  explosive  vapors,  few  attempts  have  been 
made  to  determine  performance  as  a  function  of 
explo.sive'Vapor  concentration  in  an  exptosivo<dirty 
environment.  In  our  earlier  work  (Nolan.  Weinstein 
&  Weinstein,  1978a;  1978b),  rats  were  succe-sslulty 
prepared  to  detect  military-grade  TNT  with  a  high 
level  of  confidence.  A  typical  example  is  rat-00-76 
which  detected  military  grade  TNT  with  a  slalfslicat 
confidence  level  of  better  than  99.9  % .  Subsequent  to 
that  work,  rats  were  shown  to  be  able  to  detect  pure 
TNT,  black  powder,  RDX.  and  any  one  of  the  three. 
See  Figure  1,  which  shows  for  Ihtuie  explosives  the 


average  percentages  of  detection  and  false  alarm, 
employing  detecting  units  with  a  single  detecting  rat. 
In  more  recent  work  with  highly-pure  TNT  we 
collected  samples  of  the  test  air  and  control  air  during 
measurements  of  rat  performance  to  see  how  the  rat 
would  perform  in  an  environment  contaminated  with 
explosive  vapors.  We  called  the  control  air  that  was 
contaminated  with  explosive  vapors  die  explosive- 
dirty  environment.  The  task  for  the  rat  was  to  detect 
explosive  vapors  greater  than  the  environmental 
levels.  The  concentration  of  TNT  in  test  and  control 
air  streams  was  measured  by  gas  chromatogniphy 
(GC).  One  rat  was  selected  for  demonstration 
purposes.  We  investigated  the  ability  of  this  rat  (79- 
88)  to  differentiate  bebveeo  concentrations  of  pure 
TNT. 

Background.  Rat-79-88  was  trained  to  press  a  bar 
when  TNT-laden  air  was  delivered,  and  to  refrain 
from  pressing  a  bar  when  nonTNT-laden  air  was 
delivered  using  NCRL's  training  technique.  The  test 
apparatus  was  under  computer  control,  and  was  used 
to  deliver  varying  concentrations  of  TNT  vapor.  The 
computer  additionally  scored  the  rat's  performance, 
controlled  reinforcement  contingencies,  and 
controlled  the  air-sampling  pumps  for  the  OC. 

Preceding  results.  Before  the  experiment  to  measure 
rat  performance  concurrently  with  TNT 
concentration,  experiments  were  conducted  to  insure 
that  the  rat  was  indeed  re.>)ponding  only  to  the 
presence  of  TNT,  and  not  to  some  concomitant  cue. 
in  one  series  of  experiments,  the  arms  of  the  test 
fipporatus  that  were  used  to  deliver  TNT  or  control 
air  to  the  rat  were  switched.  The  rat  responded  to 
the  delivery  of  TNT  and  not  to  the  control  air.  in 
another  series  of  experiments,  the  TNT  source  was 
removed  from  the  test  apparatus.  For  the  first  SO 
trials,  the  rat  detected  TNT  as  if  the  source  was  still 
intact.  For  the  second  SO  trials,  performance  fell 


appreciably.  Finally,  during  the  last  series  of  50 
trials,  performance  stopped.  Because  the 
reinforcement  contingencies  remained  enabled,  the  rat 
could  have  received  its  reinforcement  if  it  could  have 
solved  the  detection  task  by  alternate  means. 
However,  it  did  not,  thus  indicating  that  TNT  vapor 
was  the  controlling  stimulus.  Detection  during  the 
first  100  trials  was  evidently  due  to  residual  TNT  in 
the  source  chamber.  In  this  manner,  we  verified  that 
the  rat  responded  only  to  the  presence  of  TNT. 

Procedure.  The  experiment  to  measure  performance 
as  a  function  of  concentration  in  an  explosive-dirty 
environment  was  conducted  by  measuring  TNT 
concentrations  by  GC  concurrently  with  the  rat’s 
performance.  Both  the  test  air  and  the  control  air 
were  sampled  concurrently  during  each  session.  The 
samples  of  air  for  GC  analysis  wer**  collected  from 
the  same  area  that  the  rat  sampled  so  that  an  accurate 
measure  of  what  the  rat  was  sampling  would  be 
I  ned.  Rather  than  training  the  rat  to  specifically 
detect  low  levels  of  TNT,  the  rat  was  trained  to 
detect  saturated  <eveis,  and  performance  testing  took 
place  during  titration  of  the  concentration  of  TNT  in 
the  test  air.  During  t^e  titration  experiments  (600 
trials),  this  rat  evidenced  96%  correct  detection  when 
challenged  with  TNT  in  '.he  range  of  2  to  3  ng/L; 
simultaneously,  there  were  only  1  %  false  alarms  (3 
in  the  309  challenges  with  control  air).  Before 
titration,  the  rat  averaged  95%  correct  behavior. 
Table  2  provides  data  from  the  last  three  sessions. 

Results  and  discussion.  Results  are  presented  in 
Table  2.  First  note  from  Table  2  that  "pc .  formance" 
is  a  very  strict  measure  of  the  ability  to  perform  the 
task.  Errors  of  both  detection  and  false  alarms 
subtract  from  100%  performance.  Not  only  do 
specially  prepared  rats  have  excellent  performance, 
but  also  they  are  able  to  maintain  that  performance 
for  over  a  thousand  trials  over  a  periou  u.'  up  to  eight 
hours,  Second,  note  that  performance  falls  for  this 
naive  rat  when  the  difference  in  concent,  ations  of  test 
to  control  air  fall  below  1  ng/L.  When  the 
concentration  difference  was  .93  iig/L  performance 
fell  to  95%,  and  when  the  difference  fell  to  .70  ng/L 
performance  fell  to  60%.  Note  that  the  decrem-mt  in 
performance  concomitant  with  titration  was  probably 
not  due  to  fatigue,  because  the  rat  had  a  histoiy  of 
responding  to  up  to  1 171  trails  in  a  few  hours.  That 
high  work  level  was  not  exceeded  during  these 
experiments.  Whereas,  the  experiment  demonstrated 
the  performance  level  of  one  rat  in  an  explosive-dirty 
environment.  SYS-5(tm)  performance  is  not  limited 
to  the  performance'  of  a  single  rat,  even  though  the 


rat  is  used  as  the  detecting  element.  The  use  of 
multiple  detecting  units  enhances  performance. 

1.2  Use  of  Multiple  Detection  Elements 

SYS-5  outperforms  a  single  detecting  element  by 
employing  majority  logic,  which  causes  the  detection 
rate  to  be  enhanced  and  the  false-alarm  rate  lowered. 
Because  each  detecting  element  performs  an 
independent  simultaneous  evaluation  for  explosives 
vapors,  the  following  equation  can  be  used  to  relate 
the  proportional  detection  for  one  active  element  to 
the  proportional  detection  of  the  system  employing 
majority  logic  of  five  active  elements: 

Key: 

D(ml5)  =  proportional  detection  of 
a  majority  logic  system  of 
five  active  elements  (NCRL  trade 
name:  SYS-5) 

p  =  proportional  detection  of 
one  active  element  (all  have  the 
same  specifications  for  this 
demonstration) 

D(ml5)  =  6pLl5p^+  lOp^ 

Because  the  above  formula  is  derived  solely  from 
probability  theory,  it  also  relates  the  proportion  of 
false  alarms  for  the  majority  logic  to  that  of  each 
active  element.  One  result  of  employing  majority 
logic  based  on  five  active  elements  is  that  detection 
rates  increase  while  false  alarm  rates  fall.  For 
example,  consider  the  specifications  given  in  Table  3, 
for  an  incompletely  trained  rat.  Notice  that  the  rates 
of  detection  and  false  alarm  are  quite  deficient.  Yet 
even  under  these  conditions,  the  system  response  is 
very  good,  having  a  93%  performance.'  Detection 
rates  of  81.1%  or  greater  by  each  of  the  active 
elements  combine  tor  a  system  detection  rate  of  95% 
or  better.  Further,  false  alarm  rates  of  13.5%  or  less 
by  each  active  element  become  a  system  false  alarms 
rate  of  less  than  2%.  Actually,  NCRL  specially 
prepared  rats  obtain  much  better  performance  than 
indicated  here  (see  Tables  1  and  2). 


2.  POTENTIAL  APPLICATION 
2.1  Airport  Passenger  Screener  (APS) 

Overview.  The  12-parameter  biodetection  model 


permits  application  to  an  APS  that  is  capable  of 
screening  individuals  at  the  rate  of  600/hour  for 
bombs  that  contain  many  high  explosives  (including 
RDX).  The  external  appearance  of  the  NCRL  APS 
resembles  a  revolving  door  (see  Figures  2,  3,  and  4) 
abutting  the  control  center  (at  the  stationary  hub). 
Persons  to  be  screened  enter  the  revolving  door 
singly  at  rates  up  to  10  each  minute.  The  person 
pushes  a  bar  which  activates  the  revolving  door, 
causing  it  to  rotate  at  a  fixed  rate.  Jets  of  slightly 
moisturized  air  gently  scrub  the  person  as  he/she 
walks  while  temporarily  sealed  in  the  door*s 
chamber.  Meanwhile,  the  moist  air  is  sampled  and 
analyzed  in  real  time.  If  no  detection  occurs,  the 
person  exits  tlie  revolving  door;  however,  if  a 
detection  occurs,  the  person  is  locked  in  the  revolving 
door,  while  security  personnel  are  alerted.  A  brief 
discussion  of  the  APS  functional  details  follows. 

Redundancy.  The  sample,  collected  from  within  the 
revolving  door,  is  delivered  to  each  of  five  detecting 
elements  (e.g,,  SYS-S).  Each  detecting  element  is 
capable  of  detecting  at  least  picogram  levels  of 
explosives  molecules.  The  APS  employs  these  active 
elements  in  a  majority-logic  response  system.  When 
at  least  three  of  the  five  active  elements  respond,  a 
detection  occurs.  The  advantage  of  employing  5 
active  elements  in  the  APS  is  that  performance  is 
increased  markedly  over  one  active  element. 

Manufacturing  ease.  Even  though  NCRL  rats  are 
produced  that  perform  at  better  than  9S%  detection 
with  less  than  1%  false  alarms,  it  is  not  necessary  to 
produce  such  "high  performers.*  A  five-element 
nuyority-logic  system,  if  employed,  could  use  active 
elements  that  perform  at  81. 1  %  detection  and  13.5% 
false  alarms.  It  is  not  that  such  high  performers  are 
not  desirable,  but  just  not  necessary  for  a  good 
system  response,  hence  facilitating  quick  production. 

Active  element.  The  active  element,  of  which  there 
are  30  in  each  APS,  is  the  NCRL  prepared  rat.  The 
NCRL  rat  is  a  specially  prepared  and  controlled  rat. 
Hardware  placed  into  the  rat  allows  it  to  be 
controlled  by  electrical  brain  currents  from  external 
computers.  When  prepared  as  such,  the  active 
element  wilt  operate  for  long  periods  of  time  (e.g., 
up  to  8  hours)  and  at  high  rates  of  screening  without 
a  significant  performance  decrement. 

Verifiable.  In  order  to  demonstrate  continually  that 
the  APS  is  fiinctionc^  sets  of  10  active  elements  are 
on  call  at  any  one  time.  Of  these  ten  active-elements, 
5  are  employed  for  screening  persons,  while  the  other 


5  are  being  verified  for  operational  performance. 
The  remaining  20  are  off  duty,  10  jitst  having 
completed  an  8  hour  shift  with  the  remaining  10 
waiiiiig  for  the  start  of  an  8  hour  shift.  Of  the  ten 
active  elements  at  any  one  time,  only  five  are  actually 
used  for  screening  purposes  in  a  majority-logic 
program.  The  remaining  five  active-elements  are 
tested  by  the  random  introduction  of  explosives 
vapors.  The  testing  continues  at  ten  screens  per 
minute  for  a  period  of  two  minutes.  After  each  two 
minute  test,  the  tested-true  active  elements  ore 
switched  (logically)  with  the  screening 
active-elements  (no  physical  switching  is 
necessary~ju;>t  switching  of  the  actual  samples  and 
test-samples).  In  this  manner,  the  active-elements 
which  are  testing  the  sample  have  always  been 
freshly  verified  as  operationd  within  the  preceding 
two  minute  period.  In  the  unlikely  case  of 
impairment  of  an  active  element,  reserve  elements 
from  the  10  waiting  to  be  used  would  be  logically 
substituted.  Therefore,  the  APS  is  always  using 
fteshly  tested  and  verified  active  elements.  The  low 
cost  of  active  elements  makes  this  procedure  of 
providing  tested  and  verified  active  elements  a 
feasible  approach. 

Maintenance.  Maintenance  is  simple,  because  the 
active  units  are  contained  in  modules.  Feeding  and 
waste  diqxjsal  is  by  enclosed  modules-^ilack  buxM. 
in  the  engineering  sense.  If  an  active  elemost  ceasea 
to  perform,  replace  the  module;  unplug  the  delbctive 
active-element  module  and  plug  in  the  raplacenent. 
Currently,  active  elements  are  efftotive  for  lU 
months,  but  with  the  inclusion  of  newly  developed 
hardware  into  the  rat,  active  elementa  may  he 
effective  for  a  year  or  mMe. 

2,2  Critcfin  Met 

The  following  critarin  were  niggeated  for  an  airport 
personnel  screening  device,  and  are  met  by  NCRL'a 
APS  design.  First,  the  APS  averagea  10  acreeninga 
per  minute.  Second,  it  is  harmless  to  peofde.  Third, 
i;  is  reliable  (and  reliability  is  verified).  Fourth,  it  is 
maintainable  (assembly-line  features).  Fifth,  it  is 
operable  by  unskilled  labor.  Sixth,  it  is  cost 
effective,  because  the  active  elements  are  very 
inexpensive.  In  addition,  the  APS  ia  designed  to 
have  met  the  parameters  of  the  12-parameter  model, 
including  the  following  criteria;  at  better  than 
98%.  False  alarm  rate  of  lets  than  2%.  Rr^ection 
cycle  St  5  secoods/sampie.  Detection  cycle  at  10 
seconds/sample.  Detects  several  explosives  species. 
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Does  not  confuse  similar  molecules  with  targ^ 
molecule. 


3.  CHALLENGE 

The  challenge  to  do  better  than  these  values  has  been 
made.  We  believe  that  this  challenge  is  difficult  to 
meet  with  current  technology.  Finally,  NCRL  is 
ready  to  transfer  this  technology  for  its  use  in 
detecting  explosives. 


NOTE 


1.  Performance,  a  technical  term,  is  defined  as  the 
difference  in  peiceatage  of  detection  and  fidse  alarm. 
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Table  1.  PARAMETERS  OF  NCRL  BIODETECTION  MODEL 


Parameter  Name 

Description  of  Parameter 

NCRL  SYS-5 

Detection  Rate 

The  probability  that  the  device 
will  indicate  detection  when 
explosives  are  present. 

95%  for  TNT 

False-Alarm  Rate 

The  probability  that  the  device 
will  indicate  detection  when 
explosives  are  pot  present. 

1%  for  TNT 

Performance 

The  difference  between  the  rates 
of  detection  and  false  alarm. 

94%  for  TNT 

Time  to  Detect 

The  time  from  presenting  a 
sample  until  a  detection  decision 
is  made. 

4.0  seconds  for  TNT 

Detection  Frequency 

The  number  of  detection  decisions 
per  minute.  This  frequency 
includes  the  total  time  from 
sampling  initiation  through 
detection  decision. 

4.0/minute  for  TNT 

Duty  Cycle 

The  number  of  working  hours  per 
day. 

8  Hours 

Warm*up  time 

The  number  of  minutes  necessary 
before  specifications  are  obtained. 

1  minute 

Detector  Life 

. 

The  number  of  working  hours 
before  the  detector  has  a  50% 
chance  of  failing  to  perform  as 
specified. 

624  Hrs  (est.) 

Minivnum  Weight  of  Sample 

The  smallest  amount  of  explosives 
detectable  under  the  most 
favorable  conditions. 

0.015  ng  for  TNT 

1  Count 

The  percentage  of  explosives, 
from  the  following  list,  that  are 
detectable  at  specifications. 

DNT,  TNT,  RDX,  Dynamite. 

100% 

1  Coofustbiiity 

The  percentage  of  items  from  the 
following  list  that  yield  a  false 
positive.  Nitrogen  fertilizers, 
tuna,  bologna,  protem  powder, 
powdered  milk. 

0% 

Volume 

The  volume  of  air  needed  to 
sample. 

3  ml  (est.) 
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Table  2.  PERFORMANCE  AT  CONCENTRATION  LEVELS 


Test  Control 

Sess. 

Trial. 

%Corr. 

%Det. 

%FA. 

PERF. 

ng./L 

ng./L 

Tst.-Con. 

11. 

50. 

100. 

100. 

0. 

100. 

2.44 

0.37 

2.07 

12. 

50. 

98. 

95. 

0. 

95. 

1.32 

0.39 

0.93 

13. 

100. 

80. 

60. 

0. 

60. 

1.07 

0.37 

0.70 

KEY; 

1 .  Sess.  identifies  the  ordinal  set  of  trails. 

2.  Trail,  is  the  number  of  challenges  presented. 

3.  %Corr.  is  the  percentage  of  correct  decisions. 

4.  %Det.  is  the  percentage  of  detections. 

5.  %FA.  is  the  percentage  of  false  alarms. 

6.  PERF  (performance)  is  the  difference  between  the  percentages  of  detection  and  false  alarm. 

7.  TEST  presents  the  concentration  of  TNT  vapors  (ng./L)  in  the  test  air. 

8.  CONTROL  presents  the  concentration  of  TNT  vapors  (ng/L)  in  the  control  air  (which  is  background  noise). 

9.  Tst.-Con  is  the  difference  of  concentrations  of  TNT  in  test  air  to  control  air  listed. 
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Table  3.  SYSTEM  RESPONSE  CONVERSION 


Each  Active  Element  System  ReqKmse 


Detection 

False  Alarms 

Detection 

False  Alarms 

81.1% 

13.5% 

95.0% 

2.0% 

765 


DETECTION  OF  FOUR  EXPLOSIVES 


30ViN30d3d 


766 


PURERDX  PURE  TNT  DYNAMITE  POWDER 

_ EXPLOSIVE  TYPE _ 

FIGURE  1.  SINGLE  DETECTOR  PERFORMANCE 
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1.  INTRODUaiON 

A  dramatic  need  exists  in  the  transportation  industry 
for  a  rapid  detection  system  which  can  readily 
differentiate  explosive  materials  in  complex 
envircnments.  This  need  for  explosives  detection 
was  the  n^jor  in^retus  for  development  of  a 
biologicaliy-lwaed  detector  (bi(»ensor)  at  the  Center 
for  Bio/Molecular  Science  and  Engineering  at  die 
Naval  Research  Laboratories  in  Washirtgton,  D.C. 
Designed  to  minimize  analysis  time  and  provide  a 
means  to  examine  multiple  samples  rapidly,  the 
continuous  flow  detection  system  relies  on  an 
immobilized  antibody  molecule  for  its  high  specificity 
and  high  sensitivity.  Unlike  iraditioeal  antibody- 
baaed  asaay  systems  (1,2,3)  Ute  flow  immunosensof 
does  not  require  tong  sample  incubation  periotb. 

tn  addilicolo  the  immobilized  antibody,  the  prototype 
system  cootiits  of  fluorescent  target  motecutes,  a 
portable,  off-dm-t^f  fluorimeter,  a  laptop  computer, 
■  smiU  petirtaltic  pump,  and  the  associaud  tubing 
and  hanhsare  (Figtm  1). 

Proof-of-priacipie  for  the  system  was  demonstrated 
pievtously  utilizing  an  antibody  specific  for 
dinttfopbenol  (DNF)  and  a  DNP-fluorescein  conjugate 
as  the  Ubeiied  a^yte  (4).  With  only  slight 
modUkations.  the  same  system  has  been  adapted  to 
detect  TNT  by  analogous  means.  Briefly,  anU- 
trinitiotoluenefinti-TNT}  monoclonal  antibodies  were 
e  t'serimenially  selected  for  ibeir  Sbilify  to  bind  to 
TNT  with  high  affinity  and  then  attached  to  a  matrix 
of  support  beads  in  a  flow  column.  These 
immoMimd  antibodies  are  subsequently  saturated 
with  signal  explosive  molecules  that  have  been 
oouplad  to  a  fluorMcent  marker  or  tag.  An  aqueout 
(low  aiieam  is  then  cstablistied  through  the  column 
intfiwhirh  «««■»  Biyautri  *n*i***^^ 


interactions  are  reversible,  TNT  motrouies  io  the  test 
samples  disfdace  labelled  signal  molecules,  which  are 
detected  downstream  in  a  sp(»:trofluorimeter.  Using 
a  flow  rate  of  0.5  ml  per  minute,  this  sys^ 
produces  a  positive  signal  down  to  the  low  parts  per 
billion  range  in  tes^  than  a  minute. 

2.  METHODS 

Labelled  antigen  (tfinilrobeozene-cadiiveriiie- 
fluoresoein  isothiocyanate  -  (TN8-CV-PITQ)  wns 
prepared  by  roiwiing  trinitft)biBnaac!n«!  taUfonis  acid 
(Aldrich)  with  cadaverino' fluorescein  (Motecttlnr 
Probes)  in  borate-buffered  saline  (BBS)  at  pH  9.6^9  J 
overnight  at  4eC  wliile  rocking.  Synth^s.of  pfoehet 
was  monitored  by  thin-Wyer  ebKmwtogiap^  in 
methaoohehloroform  ( 1:3).  Reaethto  {woceeds  tonear 
completion  under  these  ctmdiUons.  Monociomd  ai^ 
TNT  antibody  (1183)  was  coupled  to  tmsy)  ddoride- 
activated  Siqdiaiose  4B  by  idandard  mc^bods.  Mai^ 
of  antibody  bound  was  detonoined  by  n 
Coomassie  Blue  procedure  (S).  immobilize  antibody 
urns  saturated  while  rocking  with  TNB-CV-FITC  at 
a  molar  ratio  of  antigen  to  antibody  of  100:1  for 
several  days  at  4oC.  Analyte-saturated  Sepharose 
wM  Stored  at  4eC  in  this  solution  with  0. 1 II  sodiutii 
azide  (v/v).  Bed  volumes  of  0.2-0.S  milliliters  were 
prepared  in  disposabtc  microcotumns  (ISO-LAB)  for 
use  in  the  flow  semor.  A  continuous  flow  stream  of 
pbosptttie-huffered  ssliite,  pH  7.4,  coniaitting  0. 1  % 
Tritoo-X-IOO  is  established  through  the  column  into 
a  dowrtUicim  Specttofluorimcter  (Model  82 1 ,  Jasco). 
Signal  above  background  from  each  sample  was 
detertnined  by  tniegraiion  of  millivoit  tnitput  signal 
from  the  .spectrofluoritneter  utilizing  an  Hewlett- 
Packard  Integrator  (model  3396B). 
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3,  RESULTS 

After  establishing  a  stable  baseline  reading,  a 
standard  curve  can  be  determined  ernploying  kuowu 
dilutions  of  TNT.  Under  the  conditions  of  antigm 
density,  bed  volume  and  flow  rates  described  here  the 
linear  range  for  TNT  is  in  the  10-600  ng/ml  range 
(Figure  2).  Specificity  of  the  system  is  confirmed 
since  no  signal  is  detectable  when  either  lysine  or 
phenylalanine  are  tested  at  8  /ig/ml  or  5  /xg/ml 
concentrations  (data  not  shown).  In  addition  to 
TNT,  dinitrotoluene  (DNT)  gives  a  signal  in  the 
system  (Figure  2).  Integrated  area  values  for  DNT 
are  62  ±  5%  (mean  ±  S.E.M.)  the  values  for  TNT 
over  this  concentration  range. 

4.  DISCUSSION 

The  continuous  flow  immunosensor  has  been  shown 
to  be  able  to  detect  TNT  in  the  nanomolar  range  in 
less  than  two  minutes.  Further  increases  in  sensitivity 
may  be  possible  utilizing  different  fluorophores  or 
multiple  fluorophores  coupled  to  the  analyte  of 
interest.  .Although  a  finite  amount  of  antibody  and 
signal  moiocule  limits  the  useful  life  of  each  column, 
tests  indicate  that  columns  can  be  used  for  several 
days  without  a  loss  of  sensitivity.  Rqtlacement  of 
columns  is  necessary  only  after  multiple  large 
positive  TNT  san^les  are  introduced.  An  additional 
advantage  to  the  flow  immunosensor  is  the  limited 
amount  of  reagents  required  for  operation.  Since  the 
chemistry  of  the  system  is  confined  to  the  small  in¬ 
line  column,  it  is  noi  necessary  that  numerous 
reagents  be  available.  Both  the  fluorophores  and  the 
antibody  are  contained  in  the  column.  Pi  .-pared 
columns  are  stable  for  at  least  several  months  and 
continuous  8  hour  operation  requires  only  500  ml  of 
buffer.  Using  the  current  system,  we  are  currently 
addressing  questions  such  as  repetitive  sampling, 
detection  limits  and  analysis  time. 

Despite  the  extreme  specificity  of  antibodies,  cross¬ 
reactivities  to  other  molecules  due  to  structural 
similarities  can  be  fortuitous,  as  in  the  case  of  DNT. 
The  DNT  molecule  is  a  significan;  contaminant  in 
commercial  grades  of  TNT  and  has  a  vapor  pressure 
twenty  times  higher  than  TNT.  Thus,  for  purposes 
of  explosive  detection,  DNT  sensitivities  are 
desirable. 

Finally,  two  mqjor  advantages  of  the  flow 
immunosensor  are  its  ease  of  use  and  its  adaptability 
for  detecting  a  wide  range  of  i  fterent  molecules. 
Additional  explosives  can  be  monitored  by  using  the 


analogous  experimental  design  with  antibodies 
specific  for  other  explosive  molecules. 
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NRL  FLOW  IMMUNOSENSOR 


Figure  1 


Diagram  of  Continuous  How  finmunosensor. 

Hie  current  prototype  model  of  the  flow  sensor  comprises  a  low  pressure  sample  iiyector, 
peristaltic  pump,  antibody-antigen  column,  fluorimeter  and  signal  processor.  Placement  of  the 
pump  can  be  placed  any  munber  of  lovations  in  the  flow  stream  p^,  however,  placement  as 
shown  minimize’s  tuving  lenght  and  comcomittantly,  analysis  time. 
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Figure  2-  TNT  and  DNT  Standard  Curves 
11B3  MoAb-Sepharose 


Standard  Curves  of  Trinitrotouluene  and  Dinitrotolnene  Signals  obtained  in  the  flow 
Sensor. 

Integrated  area  from  fluorimeter  output  signals  are  graphed  verses  sample  concentration.  Sample 
size  coulum  bed  size,  and  flow  rate  were  100^,  200  /tl  and  400  /d/min  req;)ectively.  Best  fit 
linear  regression  lines  are  shown.  Each  point  is  the  mean  of  three  determination  ±  S.E.M. 


EXPLOSIVES  SEARCH  DOGS 
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1.  INTRODUCTION 

Dogs  are  superb  detection  equipments,  capable  of 
detecting  hundreds  or  thousands  of  molecules  of 
explosive  vapours,  very  user  friendly  and  mobile, 
they  do  not  need  a  power  source  except  a  reasonable 
supply  of  biscuit  and  meat.  They  can  not  only  find 
explosives  but  can  fold  drugs,  weapons,  crossbows, 
money,  mines,  ammunition,  people  and  empty  or  full 
terrorist  weapon  hides,  to  name  but  a  few.  The 
detection  rate  of  this  excellent  detector  is  in  excess  of 
70%  when  trials  are  run  using  known  amounts  of 
hidden  explosives.  Considerable  difficulty  is 
experienced  if  attempts  are  made  to  determine  the 
mean  failure  rate  in  active  service  as  we  cannot 
ascertain  the  number  of  misses.  False  alarms  due  to 
items  of,  for  example,  attractive  food,  are  not 
recorded  by  dog  handlers.  I  have  asked  several  dog 
users  from  the  police  and  Customs  Authorities  about 
the  failure  rate  but  no  sensible  answer  has  been  givmi 
-  there  is  the  possibility  to  be  considered  that  handlers 
do  not  wish  to  admit  his  dog  failed  in  its  duty!  The 
irritating  thing  about  the  detection  ability  of  ^e  dog 
is  that  we  are  very  uncertain  how  the  animal  achieves 
this  extraordinary  olfiKtory  success.  Extraordinary  is 
perhaps  not  a  strong  enough  word  because  dogs  have 
been  able  to  detect  explosives  and  drugs  in  the 
presence  of  very  odorous  materials  such  as  farmyard 
manure,  diesel  fuel  or  domestic  bleach. 


2.  TRAINING 

In  the  UK  the  breeds  used  for  detection  are:  German 
Shepherd,  Labradors,  Springer  Spaniels  and  Collies. 
Dogs  cannot  be  trained  to  find  explosives  on  their 
own;  the  handler  and  the  dog  must  be  trained 
together.  This  normally  takes  two  months  or  more 
depending  upon  the  natural  ability  of  the  dog  and  a 
rigorous  test  of  the  pair  must  take  place  to  ensure 
their  ability  to  carry  out  their  work.  In  the  UK  the 
pair  are  re-tested  ever^'  year  to  ensure  that  they  are 
still  competent  to  carry  out  search  work.  This  is  a 
very  reasonable  requirement  considering  that  the 
discovery  of  explosive  placed  by  a  terrorist  could 


lead  to  the  saving  of  many  lives.  A  good  search  dog 
can  have  a  knowledge  of  at  least  14  differmt  types  of 
odour.  This  list  coidd  include  drugs,  human  odours 
and  explosives. 

3.  THE  DOGS’  DETECTION  EQUIPMENT 

Dogs  have  three  systems  which  can  be  used  to  detect 
odours.  These  are:  the  olfactory  epithelium  situated 
under  the  forehead,  the  vomeronasal  organ  which  is 
located  under  the  muzzle  and  receives  stimuli  through 
vessels  which  terminate  under  the  upper  lip,  and  the 
trigeminal  system  which  consists  of  many  nerve 
endings  in  several  locations  in  the  mucus  membranes 
within  the  nose.  The  latter  system  seems  to  be  able  to 
detect  certain  chemicals,  for  example,  benzaldehyde, 
acids  and  alkaline  vapours  but  has  not  been  studied  to 
a  great  extent.  The  vomeronasal  system  requires  a 
liquid  stimulus  and  is  used  by  the  dog  to  detect 
substances  in  urine  which  might  indicate  oestrus  in 
bitches.  (The  presence  of  the  organ  is  very  obvious 
in  horses  as  shown  by  the  curling  of  the  upper  lip  of 
a  stallion  when  testing  mares  urine)  Most  studies  on 
canine  ol&ction  have  been  directed  to  the  olfactory 
epithelium.  This  organ  is  quite  large  and  is  easily 
recognised  on  dissection  by  its  yellow/orange  colour 
in  contrast  to  the  pink/red  colour  of  the  respiratory 
q>ithelium.  The  olfactory  epithelium  is  convoluted 
and  has  a  large  surfke  area  -  in  the  German 
Shepherd  this  area  is  approximately  100  sq  cm  as 
against  about  3  sq  cm  for  a  human.  The  surface  of 
the  organ  is  covered  in  cilia  which  are  bathed  in  a 
layer  of  mucus  which  is  only  a  micron  or  less  in 
thickness.  The  cilia  are  attached  to  neurones  in  the 
upper  layer  of  the  olfuitory  epithelium  and  the  base 
of  the  neurone  is  connected  by  a  nerve  fibre  which 
passes  through  the  cribriform  plate  to  the  olfactory 
bulb  where  the  signals  are  processed  before  being 
sent  to  the  brain.  Odours  dissolve  in  the  mucus  and 
trigger  a  transduction  system  within  the  cilia  which 
results  in  an  electrical  signal  being  generated  within 
the  neurone  which  in  turn  passes  to  the  olfactory 
bulb.  The  electrical  signal  can  be  detected  and 
measured  with  a  suitable  electrode  system  to  obtain 
an  electro-olfutogram  (BOG)  which  provides  a 
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measure  of  the  ability  of  the  olfactory  epithelium  to 
detect  an  odour.  Generally,  this  technique  is  applied 
to  the  olfactory  qiithelium  exposed  by  a  sagittal 
section  of  the  head  of  an  experimental  animal  but  it 
is  possible  to  apply  the  electrodes  to  the  organ  of  an 
anaesthetised  animal. 

However,  it  is  desirable  to  use  methods  which  do  not 
involve  vivisection  and  in  the  UK  we  are  funding 
research  into  the  detection  of  explosives  which  will 
enable  a  measure  of  the  sensitivity  of  dogs  to 
explosive  viqwurs  to  be  determined  by  behavioural 
methods.  The  research  is  being  conducted  under  a 
Ministry  of  Defence  Research  Contract.  Trained 
sniffer  dogs  are  allowed  to  search  for  a  sample  of 
explosive  contained  in  a  plastic  container  which  is 
placed  under  a  metal  mesh  cover  to  prevent  access  by 
the  dog.  Twenty  identical  containers  each  under  mesh 
covers  are  used  and  are  placed  in  rows  in  a  large 
room.  The  handler  may  conduct  the  search  with  ^ 
dog  running  free  or  on  a  leash.  The  proceedings  are 
recorded  on  video.  The  test  can  be  repeated  as  often 
as  required  and  the  explosive  sample  can  be  placed  in 
any  of  the  locations.  The  arena  and  the  mesh  covers 
can  be  washed  to  remove  any  contaminating  odours. 
The  plastic  containers  can  be  easily  replaced.  The 
containers  loaded  with  explosive  can  be  left  in 
position  for  as  long  as  desir^  to  allow  the  vapour  to 
diffuse  out.  There  are  few  draughts  in  the  room  and 
air  movements  occur  principally  when  people  or  dogs 
move  around.  Different  pairs  of  handler  and  dog  can 
be  easily  assessed  for  effectiveness.  The 
concentration  of  explosive  vapour  will  be  estimated 
by  collection  on  Tenax  adsorbent  followed  by 
desorption  and  determination  using  a  gas 
chromatograph.  To  obtain  a  reasonable  measure  of 
the  ability  of  any  dog  to  detect  the  explosive  the 
search  can  be  conducted  several  times.  Appropriate 
statistical  analysis  may  then  be  applied  to  obtain  the 
probability  of  the  detection  of  a  particular  explosive 
at  a  given  confidence  level. 


776 


SIGNAL  PROCESSING 
AND  SIMULATION 


BOMB/NO  BOMB: 

FROM  MULTIVARIATE  ANALYSIS  TO  ARTIFICIAL  NEURAL 

SYSTEMS 


Patrick  Shea,  Fdix  Liu,  and  Barak  Yedidta 
Science  Applicatioas  Litemational  Cotporatioa 
Santa  Clara,  CA 


1.  BACKGROUND 

Systems  for  die  detection  of  explosives  hidden  in 
checked  airline  baggage  have  been  under  development 
at  Science  Applications  International  Corporation 
(SAIC)  for  the  Federal  Aviation  Administratitm  since 
1985.  In  May  of  1987,  the  first  prototype  was 
fielded  for  testing  at  San  Francisco  Intetiiational 
Airport.  In  1989  the  first  production  unit  was  fielded 
at  JFK  Airport  in  New  York.  Since  then,  over 
550,000  bags  have  been  screened  by  SAIC  units 
around  the  world. 

2.  DESCRIPTION  OF  THE  SYm;M 

The  system  uses  thermal  neutron  activation  (TNA)  to 
detect  the  presence  of  explosives.  In  this  technique 
a  suitcase  on  a  conveyor  belt  moves  past  a  source  and 
an  array  of  detectors.  Neutrons  from  the  source 
easily  penetrate  the  luggage,  and  are  absorbed  by  all 
of  the  materials  presoit.  Different  elements  will  emit 
different  energy  gamma  rays  after  absorbing  these 
neutrons  (much  like  fluorescence).  These  gamma 
rays  are  of  a  high  enough  energy  that  they  easily 
penetrate  the  luggage,  and  are  detected  by  a  detector 
array  which  surrounds  the  cavity  enclosing  the 
suitcase  and  conveyor  belt.  The  detectors  record  the 
number  of  ganuiu  rays  observed  at  each  energy. 
The  number  of  gamma  rays  of  a  'characteristic* 
energy  which  are  observed  depends  on  the  amount  of 
the  element  present,  its  location,  the  number  of 
neutrons  present,  and  the  probability  that  the  element 
will  capture  a  thermal  neutron  and  emit  that  gamma 
ray.  Since  this  probability  is  a  known  constant  for 
any  particular  element,  and  the  number  of  neutrons 
present  and  the  number  of  characteristic  gamma  rays 
are  measured,  the  amount  of  each  element  and  its 
location  can,  in  theory,  be  determined  from  the  array 
of  sigtuds. 

Commercial  and  military  explosives,  such  as  are 
used  by  terrorists,  have  several  characteristics  which 


distinguish  tiiem  fmn  most  objects  in  luggage.  One 
of  tiiese  characteristics  is  a  hi^  deosi^  of  nitrogen. 

3.  DECISION  ALGORITHMS  DESCRIPHON 

A  8inq>le  abroach  to  distinguishing  a  bag  with  an 
explosive  from  an  ordinary  passmiger  bag  is  to 
threshold  the  total  number  of  nitrogen  gamma  rays 
captured  in  the  detectors.  Figure  la  shows  a 
histogram  of  bags  witii  and  without  sirmilated 
explosives  placed  witiiin  tiie  bags.  The  xhuus  is  an 
arbitrary  s^e  showing  the  relative  nitrogen  signal 
from  the  bags  and  the  y-axis  represents  tiie  number  of 
bags  in  the  sanqtle.  The  sqparation  is  not  good.  A 
'feature*  which  provides  better  separation  can  be 
generated  with  some  pre-processing  of  tire  signal  to 
filter  for  more  'useful*  gamma  rays  as  is  shown  in 
Figure  lb.  But  the  sqiaration  is  still  poorer  than  is 
desirable. 

This  feature  and  others  axe  produced  by  combining 
the  signals  from  the  detectors  and  correcting  for  all 
of  the  effects  understood  by  (diysicists  (interferences, 
pileup  and  the  like).  The  features  Mve  different 
statistical  properties;  thoee  features  which  average 
over  many  detectors  have  smaller  statistical 
fluctuation  but  lose  some  qiatial  and  elemental 
resolution. 

A  large  number  of  these  features  that  use  raw  signals 
in  various  combinations  generate  a  multi-dimensional 
space  populated  by  bags  with  and  without  explosives. 
It  is  the  job  of  t^  decision  algorithm  to  select  the 
best  set  of  features  and  produce  the  best  performance. 
While  no  single  feature  will  provide  good  s^Nuation, 
a  combination  of  features  may  be  separable  by  a 
hyperplane,  a  multidimensional  equivalent  of  a  line. 

The  basic  technique  used  in  the  automated  decision 
analysis  is  linear  discriminant  analysis.  A 
discriminant  value  is  computed  by  a  linear 
combination  of  the  values  of  a  set  of  features 
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measured  for  a  bag.  If  the  discriminant  value  is 
greater  than  zero,  the  bag  is  classified  as  containing 
a  threat;  otherwise,  it  is  cleared.  Geometrically,  the 
features  are  axes  which  define  the  classification 
hyperspace.  The  measurement  of  any  particular 
suitcase  can  be  plotted  as  a  point  in  this  space.  Ihe 
points  for  suitcases  without  threats  cluster  separately 
from  those  with  threats.  The  hyperplane  which  best 
separates  the  two  clusters  is  the  dividing  surface 
which  results  from  the  linear  discriminant  fimction; 
in  fact,  the  conqiuted  discriminant  value  is  just  the 
normal  distance  to  the  hyperplane  from  the  point 
which  represents  the  bag,  the  sign  representing  which 
‘side’  of  the  hyperplane  the  point  is  on. 

Application  of  Fischer’s  Criteria  (the  usual  least 
squares  technique)  to  the  problem  results  in  the 
dividing  hyperplane  being  perpendicular  to  the  line 
that  joins  the  centers  of  the  two  clusters.  This  plane 
is  also  ‘halfway*  between  the  two  centers,  if  the 
distance  is  measured  after  normalization  by  the 
covariance  matrix.  The  overlap  between  the  two 
clusters  determines  the  possible  tradeoff  between 
detection  and  false  alarm  rates.  By  moving  the 
dividing  hyperplane  along  the  line  joining  the  two 
centers  (equivalent  to  changing  the  threshold  the 
discriminant  value  has  to  exceed)  this  tradeoff  can  be 
set  to  any  level,  from  0  false  alarm  rate  (and  a  low 
detection  rate)  to  100%  detection  and  a 
conunensurately  higher  false  alarm  rate.  In  addition, 
the  value  of  the  discriminant  implies  a  "sureness”  for 
the  decision.  This  value  can  be  used  in  some  kind  of 
Bayesian  analysis  or  can  simply  map  onto  the  tradeoff 
curve  as  the  PD/PFA  point  that  would  result  if  the 
threshold  were  set  at  that  value. 

4.  ANS 

An  artificial  neural  system  (ANS),  however,  is  not 
limited  to  hyperplane  separation  in  classifying 
luggage.  It  is  possible  that  an  ANS  can  discover  a 
curved  decision  surface  resulting  in  a  much  better 
classification. 

The  ANS  paradigm  that  is  currently  used  is  called 
Back  Error  Propagation  (BEP).  The  BEP  is  a 
supervised  learning  technique  based  on  the 
Generalized  Delta  Rule.  The  Generalized  Delta  Rule 
is  a  steepest  descent  method  of  computing  the 
interconnection  weights  that  minimize  the  total 
squared  output  error  over  a  sht  of  tiaining  vectoia. 
The  standard  BEP  is  a  multilayered  fully  connected 
feed  forward  network.  It  consists  of  an  input  layer, 
any  number  of  hidden  layers  and  an  output  layer.  In 


a  simple  two-layer  network  the  outputs  are  computed 
directly  from  the  inputs  through  the  connections  or 
weights  between  the  two  layers.  Every  unit  in  the 
output  layer  is  connected  to  every  unit  in  the  input 
layer.  Figure  2  is  an  example  of  a  two-layer 
network. 

The  outputs  generated  by  the  network  are  compared 
with  the  desired  or  target  outputs.  Errors  are 
computed  from  the  differences,  and  the  weights  are 
changed  in  response  to  these  error  signals  as  dictated 
by  the  Generalized  Delta  Rule.  Thus,  a  BEP  network 
learns  a  mapping  function  by  repeatedly  presenting 
patterns  from  a  training  set  and  adjusting  the  weights. 
Each  pass  through  the  training  set  is  called  a  cycle. 

Input  patterns  that  are  similar  to  each  other  produce 
output  patterns  that  are  similar  because  of  the  direct 
mapping  of  inputs  to  outputs  in  a  two-layer  network. 
Unfortunately,  this  prevents  a  two-layer  network 
from  learning  mappings  which  have  very  different 
outputs  from  very  similar  inputs.  In  particular,  a 
two-layer  network  cannot  learn  the  exclusive-OR 
function.  In  order  to  learn  such  arbitrary  mappings, 
the  network  must  have  more  than  two  layers.  In  a 
network  with  more  than  two  layers,  the  intermediate 
layers  are  called  the  hidden  layers.  Figure  3  is  an 
example  of  a  network  with  a  hidden  layer. 

The  activations  of  the  units  in  the  hidden  layers 
constitute  an  internal  "representation"  of  the  input 
patterns.  These  hidden  units  learn  to  encode  features 
that  are  not  explicitly  present  in  the  input  patterns. 
By  applying  the  Generalized  Delta  Rule,  a  multi-layer 
network  can  learn  to  develop  whatever  features  are 
necessary  to  perform  the  desired  mapping. 

The  activation  of  each  unit  in  the  hidden  and  output 
layers  is  computed  by  the  sigmoid  activation  function 
and  is  shown  in  Figure  4. 

Here,  0|  is  the  activation  value  for  each  unit,  net,  is 
the  sigmoid  activation  function  used  to  modify  each 
weight,  6,  is  the  bias  for  unit  i,  and  Wy  is  the  weight 
to  unit  i  from  unit  j.  (The  biases  are  learned  in  the 
same  manner  in  which  the  weights  are  learned.) 

The  Generalized  Delta  Rule  guarantees  continuous 
de.scent  in  the  total  root  mean  square  (RMS)  error. 
This  measure  is  computed  by  summing  Ihe  square  of 
the  target  minus  the  output  for  every  output  unit  and 
for  every  pattern,  averaging  this,  then  taking  the 
square-root. 
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5.  ON-LINE  EXPERIENCE 

On  test  data,  the  ANS  performed  better  than 
discriminant  analysis,  i.e.,  at  a  lower  false  positive 
rate  with  the  same  detection  rate.  Consequently,  the 
FAA  decided  to  proceed  with  the  testing  of  the  ANS 
in  the  six  units  it  was  purchasing  for  deployment. 
The  hrst  step  was  to  install  the  unit  at  the  airport  and 
operate  it  to  gather  data.  The  ANS  would  then  be 
trained  and  would  work  in  parallel  with  the  standard 
analysis,  and,  if  the  results  were  still  better,  it  would 
be  used  on-line.  At  the  first  installation  at  Trans 
World  Airlines  at  JFK  International  Airport,  the 
system  was  installed,  the  standard  analysis  was 
calibrated  and  the  performance  was  demonstrated  in 
the  month  of  Octoter  1989. 

Typical  operation  at  the  airport  involves  measuring 
some  bags  with  simulated  explosives  and  noost 
without.  These  data  are  shipped  back  to  the  SAIC 
facility  in  Santa  Clara  for  processing.  All  calibration 
and  training  is  done  at  the  Santa  Clara  facility,  and 
thus  only  the  feed-forward  network  needed  to  be 
encoded  in  the  explosive  detection  system.  The  data 
which  had  been  accumulated  during  operations 
through  early  October  were  split  into  two  parts.  The 
fist  part  was  used  for  calibration,  the  second  for 
testing. 

During  the  week  of  October  21  through  26,  the  ANS 
was  tested  in  parallel  with  the  standard  analysis. 
During  this  week,  the  ANS  performed  at  an  equal  or 
higher  level  than  the  discriminant  analysis  every  day. 

Since  these  on-line  results  demonstrated  similar 
performance  improvements  to  those  shown  during  the 
testing  phase,  the  ANS  was  installed  as  the  decision 
algorithm.  It  has  been  in  operation  in  all  units  since 
then. 

It  is  sometimes  desired  to  set  the  operating  point  of 
the  system  at  different  levels.  For  example,  during 
high  threat  times  very  high  detection  rates  might  be 
required;  otherwise,  it  may  be  desired  to  minimize 
the  false  positive  rate.  The  different  PD  and  PPA 
operating  points  at  which  the  system  can  be  set 
determines  the  'tradeofT  curve,  A  sample  tradeoff 
curve  is  shown  in  Figure  5.  Note  that  while  the  ANS 
curve  is  superior  to  the  standard  aiulysia  curve  in  the 
range  of  interest,  there  are  ranges  over  which  this  is 
not  true. 


6,  DECISION  SURFACES 

The  lull  decision  analysis  uses  a  number  of  features. 
Consequently,  it  is  very  difficult  to  portray  decision 
surfaces  in  only  two  dim^ions.  In  order  to  view 
sample  surfaces,  a  small  set  of  data  was  abstracted 
from  the  data  set.  A  few  hundred  bags  were  used, 
all  of  which  were  similar  in  gross  terms  (size, 
destination,  etc.).  The  number  of  features  used  was 
also  reduced  to  five.  This  reduced  set  of  data  was 
used  to  train  a  network  using  these  five  features. 
Figure  6  shows  the  projection  of  the  calibration  data 
onto  a  plane  passed  through  the  decision  space.  Each 
of  the  two  axes  are  features  used  in  the  network. 
The  decision  surface  is  obtained  by  fixing  the  values 
of  the  three  features  not  used  as  axes  and  finding  the 
locus  of  points  which  form  the  boundary  between  the 
"bomb*  and  "no  bomb"  decision.' 

This  is  a  strongly  curved  decision  surface.  Under 
these  conditions  (fixing  the  three  other  features)  the 
discriminant  analysis  surface  would  be  a  straight  line 
on  this  graph.  Figure  6  implies  that  an  ANS  using 
only  the  two  features  can  correctly  separate  the  data 
in  the  calibration  set,  while  a  straight  line  (i.e., 
discriminant  analysis)  could  not. 

It  is  probably  possible  to  find  a  nonlinear 
transformation  of  the  features  which  could  produce  a 
more  linear  response  of  the  ANS  (i.e.,  straighten  the 
line).  However,  the  network  training  that  gave  this 
result  used  the  information  contained  in  the  collected 
data,  without  operator  intervention.  Examination  of 
similar  curves  for  other  groups  of  bags  shows  that 
differing  degrees  of  curvature  are  required,  in  ftct 
some  groups  of  bags  will  have  little  difference 
between  linear  discriminant  analysis  and  an  ANS. 
Whatever  else  it  does,  ANS  provides  a  consistent  and 
elective  algorithm  for  developing  these  nonlinear 
combinations. 


7.  SUMMARY 

The  complexity  of  the  distribution  of  witcases  makes 
a  decision  analysis  a  difficult  problem.  While  some 
features  of  bags  make  good  decisions,  and  linear 
combinations  of  these  features  do  even  better  it  lakes 
the  nonlinearity  of  an  artificial  neural  system  to  make 
the  most  effective  decisions. 
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NOTE 

1.  As  should  be  clear  from  the  figure,  a  number  of 
points  on  the  separating  surface  were  found,  and 
a  smooth  curve  was  passed  through  them.  There 
are  not  likely  to  be  any  small  scale  fluctuations 
which  are  missed,  due  to  the  small  number  of 
training  points  and  restricted  training  times. 
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1.  INTRODUCTION 

The  Explosive  Detection  Systems  (EDS)  under 
considention  use  neutron  or  photon  sources  for 
probing  the  explosive  material.  For  the  sake  of 
abbreviation  we  shall  refer  explicitly  only  to  EDS 
driven  by  neutron  sources.  The  design  optimization 
methodology  to  be  described  is  applicable, 
nevertheless,  to  EDS  driven  by  photon  sources,  as 
well  as  by  a  combination  of  photon  and  neutron 
sources. 

The  design  of  an  EDS  is  a  complicated 
multidisciplinary  process.  The  present  paper  focuses 
on  the  nuclear  design  discipline.  The  goals  of  the 
nuclear  design  are  defined  in  Section  2.  Section  3 
reviews  the  conventional  approach  to  the  nuclear 
design  of  EDS  while  Section  4  describes  the  novel 
design  approach  we  are  proposing  to  develop.  A 
limited  number  of  illustrations  of  the  usefulness  of 
the  proposed  optimization  method  are  presented  in 
Section  5.  A  program  plan  for  the  development  of  a 
powerful  three-dimensional  nuclear  design 
optimization  capability  is  outlined  in  Section  6. 

All  of  the  illustrations  presented  pertain  to  simplified 
EDS  because:  (1)  The  limitation  of  the  presently 
available  optimization  code  to  one  dimensional 
problems,  aiul  (2)  The  commercial  sensitivity  of  the 
details  about  the  design  and  composition  of  the  EDS 
and  their  subsystems. 

2.  GOALS  OF  THE  NUCLEAR  DESIGN 

The  interaction  of  the  source  neutrons  with  one  or 
more  of  the  coosUtuents  of  the  explosive  material 
creates  a  characteristic  signal  (of  gamma  rays  or 
neutrons).  This  signal  leaves  the  enclosure  of  the 


explosive  and  reaches  the  detectors  of  the  EDS.  Also 
reaching  the  detectors  will  be  neutrons  and  photons 
that  do  not  carry  the  explosive  characteristic  signal. 
This  background  radiation  can  come  from  the  source 
neutrons  interaction  with  (a)  the  explosive  material 
which  do  not  result  in  the  emission  of  characteristic 
radiation;  (b)  constituents  of  the  explosive  enclosure 
(such  as  luggage);  and  (c)  constituents  of  the  EDS, 
including  the  detectors  of  the  EDS.  The  background 
radiation  can  also  come  from  the  interaction  of  the 
characteristic  signal  with  the  medium  it  has  to 
transverse  before  reaching  the  detectors.  The 
background  radiation  can  mask  the  signal  and  thus 
reduce  the  EDS  sensitivity;  i.e.,  the  probability  that 
the  EDS  will  identify  an  explosive  of  a  given  size. 

Once  the  performance  requirements  of  an  EDS  are 
given:  namely,  probability  of  detection  and  Mae 
alarm  for  specific  amounts  and  range  of  contiguous 
sizes  of  the  explosives,  the  goals  of  the  nuclear 
design  of  an  EDS  can  be  set  as  follows:  For  a  given 
source  (could  be  a  number  of  sources)  strength, 
maximize  the  amplitude  of  the  signal  and  minimin 
the  amplitude  of  the  background  radiation  wdiich 
reaches  the  detectors.  The  above  stated  goals  may 
not  be  simultaneously  attainable  for  every  EDS.  An 
alternative  design  goal  is  to  nuximia  the 
signal-to-baokground  ratio.  The  exact  definition  of 
the  signal  and  of  the  background  for  the  purpose  of 
the  design  optimization  may  be  EDS  deptttdent. 

Another  goal  of  the  nuclear  design  is  to  provide  an 
adequate  shield  for  the  neutron  source  (or  sources)  so 
that  the  dose  rate  on  the  outer  surfoce  of  the  EDS 
will  not  exceed  the  permissible  level.  The  acceptable 
radiation  level  is  to  be  achieved  with  a  diield  of 
minimum  cost.  Under  certain  circumstances  it  might 
be  desirable  to  minimiae  the  shield  thickness. 
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Generally  speaking,  the  closer  to  optimal  is  the 
nuclear  design  of  an  EDS,  the  higher  could  be  its 
sensitivity.  Moreover,  with  all  other  subsystems 
(such  as  detectors,  data  collection  and  data  analysis 
systems)  being  the  same,  the  nuclear  design 
optimization  could  minimirB  the  cost  of  the  EDS. 
Consequratly,  a  good  nuclear  optimization  capability 
could  be  highly  beneficial  for  the  development  of 
improved  EDS.  In  certain  circumstances  the  nuclear 
design  will  be  the  bottleneck  to  the  EDS  sensitivity 
improvement;  going  to  a  more  sophisticated  (and 
expensive)  data  collection  and  data  analysis  systems 
will  not  be  effective  if  the  nuclear  design  will  not 
provide  a  higher  signal  and/or  a  higher 
signal-to-background  ratio. 


3.  THE  COMMON  APPROACH  TO  NUCLEAR 
DESIGN  OPTIMIZATION 

The  most  efficient  approach  to  the  nuclear  design  of 
EDS,  in  terms  of  the  resources  and  time  needed,  is  a 
well  balanced  theoretical/experimental  program.  The 
theoretical  effort  should  involve  a  numerical 
simulation  of  the  host  of  nuclear  phenomena  which 
take  place  in  the  EDS.  The  nuclear  simulation  tool 
should  be  used  for  studying  the  effect  of  different 
variations  in  the  EDS  design  parameters  on  the 
nuclear  performance  of  the  EDS.  The  ultimate 
purpose  of  the  theoretical  effort  is  to  identify  the 
design  of  the  EDS  that  will  optimize  its  nuclear 
performance,  as  defined  by  the  g<^8  stated  in  Section 
2. 

The  experimental  part  of  the  nuclear  development 
program  is  to  validate  the  results  from  the  numerical 
calculations,  which  often  involve  different 
assumptions  and  approximations. 

In  reality  one  encounters  situations  in  which  the 
developers  of  EDS  (as  well  as  other  nuclear  systems) 
do  not  use  numerical  simulation  at  all.  One  selects 
the  constituents  of  the  different  components  and 
decides  on  the  dimensions  of  these  components  based 
on  general  considerations  and  intuition.  Then  a 
mockup  is  constructed  in  which  the  signal  and 
background  radiation  levels  are  measured.  These 
measurements  are  rqreated  for  a  number  of  design 
variations  before  a  fi^  design  is  selected.  For  such 
an  approach  to  lead  to  a  real  optimal  design,  the 
exp^meotol  study  is  likely  to  be  prohibitively 
expensive.  This  is  because  the  large  number  of 
material  combinations,  component  geometries  and 


dimensions  that  need  be  studied.  Thus,  in  practice, 
such  an  approach  is  not  likely  to  lead  to  an  optimal 
nuclear  design.  In  any  event,  it  can  never  tell  the 
developers,  or  the  sponsors  of  the  development,  how 
close  to  the  optimal  their  design  really  is. 

When  numerical  simulation  of  the  EDS  nuclear 
performance  is  undertaken,  it  usually  uses  a 
trial-and-error  ^proach.  In  this  approach  the  system 
(eidier  the  entire  EDS  or  one  or  more  of  its 
components)  is  divided  into  Z  number  of  zones;  each 
zone  having  a  uniform  con^sition.  Assigning  a 
certain  composition  to  each  of  the  zones,  the 
transport  equation  for  neutrons  and  photons  is 
numerically  solved.  From  this  solution  one  can 
deduce  the  anqilitude  of  the  signal  and  background 
radiation  which  reaches  the  detectors  (or,  even, 
counted  by  them).  The  spectmm  of  (he  signal  and 
background  radiation  reaching  the  detectors  is 
obtained  as  well.  The  solution  of  the  transport 
equation  can  be  done  using  one  of  the  well  developed 
discrete-ordinate  or  Monte-Carlo  codes  [Bendahan  et 
al.,  1991]. 

The  composition  of  different  zones  is  then  changed 
and  the  transport  equation  is  solved  again  to  provide 
the  signal  and  background  radiation  for  the  modified 
composition.  This  process  is  being  repeated  many 
times  until  what  appears  to  be  an  optimal  composition 
is  identified. 

Even  though  this  numerical  simulation  process  is 
significantly  less  expensive  and  less  time  consuming 
than  a  comparable  experimental  simulation,  it  is  a 
long  and  tedious  process;  if  C  different  constituents 
are  to  be  consider^  for  each  of  the  system  zones,  the 
total  number  of  transport  solutions  that  need  be 
obtained  in  order  to  cover  all  the  possible 
permutations  of  Z  zones  and  C  constituents  is, 
usually,  prohibitively  large  (in  terms  of  the  required 
time  and  resources).  In  practice,  the  designer  will 
apply  his  intuition  and  prior  knowledge  to  reduce  the 
number  of  transport  calculations  that  need  be 
performed.  Nevertheless,  even  then  it  is  not  practical 
to  cover  all  the  parametric  space  of  relevance.  As  a 
consequence,  the  best  design  identified  by  this 
trial-and-error  approach  is  not  necessarily  the  real 
optimal  design.  Even  when  the  trial-and-error 
approach  leads  to  a  near  optimal  design,  the  designer 
(and  the  sponsors  of  the  development)  have  no  way 
to  know  how  close  is  the  design  to  the  real  optimum. 
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4.  A  NOVEL  APPROACH  TO  NUCLEAR 
DESIGN  OPTIMIZATION 

The  novel  ^proach  pn^>osed  here  for  the 
optimization  of  the  nuclear  design  of  EDS  involves 
three  new  ingredients: 

(a)  The  calculation  of  material  ‘effectiveness 
functions”, 

(b)  The  use  of  diese  effectiveness  functions  to 
help  identifying  the  most  promising 
constituents,  and 

(c)  The  use  of  these  effectiveness  functions  to 
guide  an  automated  search  of  the  optimal 
distribution  of  the  selected  constituents. 

The  effectiveness  function  of  a  given  material  gives 
the  change  in  a  Figure-Of-Merit  (FOM)  due  to  the 
addition  of  a  small  quantity  of  this  material  to  a  given 
zone.  Thus,  the  Material  Effectiveness  Function 
pertains  to  a  given  FOM  and  a  given  reference  EDS 
design.  Usually,  the  addition  of  a  given  material  to 
a  given  zone  can  be  done  only  at  the  expense  of 
removing  the  equivalent  volume  of  one  (or  few)  of 
the  existing  constituents.  Thus,  in  practice,  one 
needs  to  consider  the  Substitution  Effectiveness 
Function  (SEF).  The  SEP  of  material  i  for  material 
j  gives  the  change  in  the  FOM  due  to  the  substitution 
of  a  small  quantity  of  material  i  for  the  same  volume 
of  material  j  in  a  particular  zone  in  the  EDS. 

The  SEF  are  calculated  using  perturbation  theory 
formution  [Greenspan,  1976].  The  perturbation 
theory  calculation  of  the  SEF  requires  the  solution  of 
the  transport  equation  and  of  a  corresponding  adjoint 
equation  for  the  EDS.  The  transport  equation  and  the 
numerical  method  used  for  its  solution  are  the  same 
as  required  for  the.numerical  simulation  of  the  EDS, 
as  described  in  Section  3.  The  solution  of  the  adjoint 
equation  can  be  done  using  the  same  numerical 
simulation  codes.  For  each  FOM  to  be  considered 
one  needs  to  solve  a  corresponding  adjoint  equation 
(For  details  see  Greenspan,  1976). 

In  summary,  our  approach  to  the  optimization  of  the 
nuclear  design  of  EDS  works  as  follows; 

(a)  Based  on  prior  experience,  detine  a 
reference  design  for  the  EDS  (or  of  one  of 
its  subsystems).  The  reference  design 
specifications  include  the  system  geometry, 
type  and  location  of  the  neutron  sources, 
type  and  location  of  the  detectors,  type  of 
constituents  of  all  the  subsystems  and  their 
distribution  across  the  EDS. 


(b)  Solve  the  noitron  and/or  photon  tnnqioit 
equation  for  this  reference  design. 

(c)  Solve  the  correqxmding  adjoint  equation  for 
each  FOM  that  is  to  guide  the  design 
(qjtimization. 

(d)  Calculate  the  SEF  for  each  of  the  system 
constituents  as  well  as  for  candidate 
constituents.  Get  a  set  of  SEF  for  each 
FOM. 

(e)  Guided  by  the  SEF  information,  decide 
vdiedier  to  make  a  change  in  the  constituents 
of  the  EDS  (relative  to  tiie  constituents  of 
the  reference  design). 

(f)  iterative  optimization  algorithm  to 
find  the  optimal  distribution  of  the  selected 
constituents. 

(g)  Calculate  the  SEF  for  candidate  constituents, 
now  pertaining  to  the  (^rtimized  EDS 
composition.  By  examining  these  SEF 
decide  whether  a  significant  enough  gain  can 
be  expected  by  adding  one  or  more  otiier 
constituents  to  the  EDS,  possibly  instead  of 
an  existing  constitu«it. 

(h)  Repeat  the  optimization  procedure  (Steps 
‘b‘-"d‘  and  T). 

(i)  At  the  end  of  this  process,  estimate  how  fiur 
is  the  FOM  calcinated  for  the  optimized 
system  from  its  absolutely  optimal  value  - 
the  value  it  would  have  asaimed  had  we 
carried  the  optimization  process  to  very 
close  to  complete  convergence.  This 
estimate  can  be  done  using  the  SEF  values. 

0)  The  optimal  EDS  composition  identified 
with  the  above  outlined  procedure  may  call 
for  a  zone-wise  variatirm  in  composition. 
Based  on  this  optimal  material  distribution, 
work  out  a  design  that  is  practical  to 
implement  and  yet  closely  matches  the 
performance  of  the  semi-continuously 
varying  design. 

A  computer  code  called  SWAN  was  developed 
already  in  the  early  seventies  [Oreenqum,  1973]  to 
perform  all  the  above  listed  functions.  Thus,  deUils 
about  the  theoretical  basis  for  the  above  outlined 
optimization  procedure  as  well  as  on  the  practical 
implementation  of  this  procedure  can  be  found  in  the 
SWAN  literature  [Greenspan,  1973;  Greenspan  etal., 
1973;  Greenspan,  1976]. 

SWAN  was  originally  developed  for  the  optimization 
of  the  nuclear  design  of  fusion  reactor  components 
which  are  exposed  to  the  14  MeV  neutrons 
originating  from  the  D-T  fusion  reaction. 
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Throughout  the  years  SWAN  was  successfully 
applied  to  the  optiinization  of  a  large  variety  of 
nuclear  desigo  optimization  problems.  Illustrations  of 
optimization  studies  carried  with  SWAN  can  be  found 
in  [Gieenqiaa  et  al.,  1974;  Gilai  et  al.,  1977;  Gilai 
et  al,  1983;  Gilai  et  al,  1984;  Greenspan  et  al,  198Sa; 
Greenspan  et  al.,  198Sb;  Kinrot  et  al.,  1985; 
Greenspan  et  al.,  1986;  Green^ran  et  al.,  1987;  and 
Kami  et  al.,  1989].  In  many  of  these  optimization 
studies  the  optimal  nuclear  designs  identified  with  the 
help  of  SWAN  were  found  to  offer  a  better 
performance  (i.e.,  to  be  more  optimal)  than 
corresponding  designs  arrived  at  using  conventional 
nuclear  design  approaches  (as  described  in  Section  3). 
In  fact,  this  was  the  case  almost  whenever  a 
comparison  was  attempted  between  the  SWAN  and 
the  conventional  approaches  to  the  optimization  of  the 
nuclear  design  of  a  given  system.  Following  is  a 
brief  summary  of  three  of  the  comparisons. 

In  one  of  the  studies  [Gilai  et  al.,  1983]  SWAN  was 
applied  to  search  for  the  optimal  design  of  a  shield 
the  major  constitu«its  of  which  are  stainless  steel  and 
water.  The  reference  shield  was  designed  by  a  team 
of  highly  experienced  professionals.  It  was  found 
that  the  dose  rate  behind  the  optimal  shield  identified 
with  SWAN  was  lower  than  the  dose  rate  behind  the 
reference  shield  by  a  hictor  of  20!,  when  both  shields 
were  of  the  same  thickness.  Moreover,  SWAN 
found  that  by  a  proper  addition  of  boron  to  tLe 
shield,  the  dose  rate  can  be  reduced  by  a  factor  of 
nearly  100  below  the  dose  rate  predicted  using  the 
conventional  design  approach! 

Another  study  [Kinrot  et  al.,  1985]  illustrates  the 
usefulness  of  the  SEP  information  generated  by 
SWAN  for  identifying  the  most  effective  constituents 
for  radiation  shields  and  their  best  location  within  the 
shield.  Conventional  design  practices  applied  by  a 
shield  design  expert  led  to  the  conclusion  that  boron 
containing  materials  are  preferable  shield  constituents 
than  hydrogen  containing  materials.  SWAN,  on  the 
other  hand,  revealed  that  titanium  hydride  is  more 
effective  than  the  borides.  A  certain  combination  of 
titanium  hydride  and  boron  carbide  was  found  to  be 
better  than  either  one  of  these  constituents.  These 
findings  would  Itave  been  extremely  difficult  to  come 
by  even  for  highly  experienced  nuclea:  design 
specialists  without  a  tool  like  SWAN.  Also  found  by 
SWAN  is  that  a  tungsten-copper  composite  material 
makes  a  more  effective  shield  constituent  than 
tungsten  having  90%  of  its  theoretical  density. 
Overall,  the  radiation  induced  heating  rate  beyond  the 
SWAN  optimized  shield  was  only  about  60%  that 


arrived  at  by  careful  and  professional  optimization 
but  using  the  conventional  design  iqiproach. 

In  another  study  [Greenspan  et  al.,  1987]  SWAN  was 
applied  to  make  a  systematic  comparison  of  the  effect 
of  the  tritium  breeding  material  on  the  blanket 
thickness  that  is  required  to  provide  a  given  tritium 
breeding  ratio.  A  specific  question  addressed  was 
whether  the  remarkable  difference  (of  over  a  factor 
of  3)  in  the  thickness  of  three  different  blankets 
designed  by  three  different  groups  of  experts  using 
conventional  design  practices,  is  due  to  the  different 
lithium  compounds  used  or  to  non-optimal  nuclear 
designs.  SWAN  easily  found  that  the  latter  was  the 
case.  As  a  by-product,  SWAN  showed  how  to 
distribute  the  different  constituents  across  the  blanket 
in  order  to  obtain  the  desired  tritium  breeding  ratio 
u:;ing  a  minimum  thickness  blanket. 

The  optimal  compositions  identified  with  SWAN 
throughout  the  years  for  a  large  variety  of  systems 
also  led  to  the  invention  of  new  composite  materials 
which  offer  improved  performance.  An  illustration 
of  such  composite  materials  and  their  expected 
performance  can  be  found  in  [Greenspan,  1991], 
One  of  the  new  materials  is  polynated  tungsten.  The 
total  dose  rate  behind  a  40  cm  thick  shield  of  a 
califomium-252  neutron  source  was  found 
[Greenspan,  1991]  to  be  nearly  20  times  lower  than 
the  dose  rate  behind  a  comparable  shield  which  is 
made  of  the  conventionally  used  commercial  borated 
polyethylene!  Another  new  material  is  polynated 
titanium-hydride.  The  Cf-252  neutron  le^age  out 
from  a  40  cm  thick  shield  made  of  this  material  was 
found  to  be  an  order  of  magnitude  lower  than  the 
neutron  leakage  from  the  same  thickness  shield  made 
of  the  commonly  used  borated  polyethylene.  These 
new  composite  materials  might  enable  a  significant 
improvement  in  the  design  and  performance  of  EDS. 

Even  though  so  far  SWAN  was  applied  to  prinurily 
the  nuclear  design  optimization  of  problems 
pertaining  to  fusion  reactor  systems,  it  can  as  readily 
and  efficiently  be  applied  to  the  optimization  of  the 
nuclear  design  of  any  kind  of  source-driven  nuclear 
system  (i.e.,  a  system  which  is  exposed  to  a  neutron 
and/or  photon  source).  An  illustration  of  nuclear 
design  optiinization  problems  encountered  in  the 
development  of  EDS  which  can  be  addressed  with 
SWAN  are  presented  in  the  following  sections. 

However,  presently  SWAN  can  only  be  applied  to 
nuclear  systems  which  can  be  simulated  by  a 
one-dimensional  stationary  transport  equation  (in 
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either  ^herical,  cylindrical  or  slab  geometries). 
Fortunately,  the  methodology  for  the  calculation  of 
the  SEP  and  for  the  system  composition  optimization 
developed  for  SWAN  can  be  directly  applied  to  two- 
and  three  dimensional  problems.  A  program  plan  for 
the  development  of  a  diree-dimensional  optimization 
capability  is  outlined  in  Section  6. 

5.  NUCLEAR  DESIGN  OPTIMIZATION  OF 
EDS 

The  ultimate  goals  of  the  optimization  of  the  nuclear 
design  of  EDS  were  defined  in  Section  2.  In  practice 
it  is  helpful  to  optimize  the  nuclear  design  of  selected 
components  of  an  EDS  before  embarking  upon  an 
overall  EDS  optimization  study.  In  Sections  S.l  and 
S.2  we  will  briefly  define  a  number  of  component 
optimization  studies  that  are  useful  to  undertake  in  the 
course  of  the  development  of  a  Thermal  Neutron 
Analyzer  (TNA)  and  of  a  Fast  Neutron  Analyzer 
(FNA).  In  Sections  5.3  and  5.4  we  shall  illustrate 
the  application  of  the  one-dimensional  SWAN  to  the 
optimization  of  one  component  of  the  TNA  and  one 
component  of  the  FNA  under  development  by  SAIC. 

5.1  TNA  Optimization  Problems 

Figure  1  is  a  highly  simplified  schematic  illustration 
of  an  EDS  that  has  many  features  in  common  with 
the  TNA.  The  "thermal  neutron  source  system*  of 
this  EDS  consists  of  one  or  more  Cf-252  spontaneous 
fission  sources.  The  explosive  detection  mechanism 
is  based  on  thermal  and  epithermal  neutron  captures 
in  one  of  the  constituents  of  the  explosive  material. 
The  characteristic  photons  emitted  as  a  result  of  the 
neutron  capture  reactions  in  the  specific  constituent 
are  to  be  detected  by  the  detector  or  detectors  of  the 
EDS.  The  explosive  material  is  usually  surrounded 
by  other  materials  which  are  either  a  part  of  the 
"target*  or  adjacent  to  it.  The  detector  needs  to  be 
shielded  from  neutrons  and  photons  which  do  not 
originate  from  the  target.  A  biological  shield  is 
needed  to  assure  that  the  dose  rate  at  the  outer 
boundary  of  the  EDS  will  not  exceed  the  permissible 
level. 

5.1.1  Optimization  of  the  neutron  source  assembly 

One  optimization  problem  is  to  maximize  the 
probability  that  a  source  neutron  will  be  captured  in 
the  proper  constituent  of  the  target  (to  be  referred  to 
as  the  target  constituent).  The  optimization  variables 
are  the  constituents  of  the  neutron  source  system  and 
their  spatial  distribution.  When  more  than  one 


neutron  source  is  to  be  used,  the  location  of  the 
different  sources  can  also  be  a  variable  of  the 
optimization. 

An  even  more  general  (and  more  complicated) 
optimization  problem  is  to  maximize  the  probability 
(^r  source  neutron)  of  the  emission  of  characteristic 
photons  from  the  target  constituent  in  the  direction  of 
the  detector.  There  are  situations  in  which  the 
optimal  source  system  design  arrived  at  using  the 
couple  of  optimization  goals  defined  above  will  be 
different.  The  latter  criterion  is  the  more  general  of 
the  two,  but  the  former  one  is  more  universal. 

5.1.2  Optimization  of  the  detector  shielding 

In  many  applications  it  is  desirable  to  locate  the 
detector  as  close  as  possible  to  the  neutron  source,  so 
that  it  will  "see"  the  target  constituent  at  the  largest 
possible  solid  angle.  The  largest  the  solid  angle,  the 
higher  is  the  detection  probability.  Thus,  it  is 
desirable  to  design  the  detector  shield  (See  Figure  1) 
against  neutrons  and  photons  which  come  out  from 
the  source  system  (See  path  "2*  and  path  *3",  Figure 
1)  as  compact  as  practical. 

A  related  problem  (that  is  not  illustrated  in  Figure  1) 
is  the  optimization  of  a  protection  cover  and/or  of  a 
collimator  for  the  detector.  The  task  of  these 
components  is  to  increase  the  signal*to>background 
ratio,  although  not  without  penalty.  The  penalty  will 
be  a  reduction  in  the  amplitude  of  the  sig^.  A  very 
intriguing  optimization  problem  is  to  maximize  the 
signal-to-background  ratio  under  the  constraint  that 
the  signal  should  not  be  reduced  below  a  given  level. 

5.1.3  Optimization  of  the  ddector  design 

The  optimal  size  of  a  detector  of  the  TNS  can  alio  be 
a  subject  for  an  optimization  study.  Too  imall  a 
detector  volume  will  penalize  the  d^tion  efficiency 
and,  hence,  will  detect  a  smaller  signal.  Too  large  a 
detector  volunm  (and  surfi^e  area)  may  lower  the 
effectiveness  of  the  collimation  and  shielding  against 
background  radiation,  thus  increasing  the  background 
count  rates. 

5.1.4  Optimization  of  the  biological  shield 

The  biological  shield  can  have  a  significant  impact  on 
the  size,  weight  and  cost  of  the  EDS.  It  might  also 
effect  the  background  radiation  level,  as  illustrated  in 
Figure  1  (Path  *3').  For  many  applications  the 
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design  goal  will  be  to  minimize  the  cost  of  the 
biological  shield  (and  EDS  structure)  without 
significantly  increasing  the  background  radiation 
level,  while  meeting  the  constraint  on  the  permissible 
surface  dose  rate. 

5.2  FNA  Optimization  Problems 

Figure  2  is  a  simplified  schematic  illustration  of  a 
FNA.  Fast  neutrons  emitted  from  the  source  are  to 
reach  the  target  through  a  collimator.  The  interaction 
of  these  neutrons  with  certain  constituents  of  the 
explosive  located  in  the  'target*  is  to  cause  the 
emission  of  characteristic  photons.  These  photons 
are  to  be  detected  by  the  detectors  of  the  FNA.  The 
entire  EDS  need  be  surrounded  by  a  biological  shield. 

5.2.1  Collimator  optimization 

The  collimator  is  designed  so  as  to  maximize  the 
number  of  energetic  neutrons  to  reach  a 
predetermined  area  on  the  surface  of  the  target  that 
points  towards  the  source.  At  the  same  time,  the 
collinutor  contribution  to  the  background  radiation 
reaching  the  detector  needs  to  be  small  enough.  Path 
*2*  of  Figure  2  illustrates  one  way  for  the 
contribution  of  the  collimator  to  the  background 
radiation.  The  variables  of  the  collimator  design 
optimization  include  the  collimator  shape  and  the 
materials  which  are  located  a4jacent  to  the  collimator 
walls. 

5.2.2  Optimization  of  the  coUitnahw  shtdd 

One  function  of  the  'shield*  (Figure  2)  is  to  reduce 
the  probability  that  energetic  and  other  neutrons  (and 
photons)  will  reach  the  target  not  through  the 
collimator  aperture  to  an  acceptable  level.  Another 
funclioo  of  Ais  shield  is  to  shield  the  detectors  from 
neutrons  and  photons  that  do  not  come  from  the 
target  (Such  as  from  those  which  come  via  path  *1* 
of  Figure  2).  The  closer  a  given  source  can  be  to  the 
target,  the  larger  vrill  be  the  nundter  of  neutrons 
reaching  a  unit  surface  area  of  the  target  and  the 
more  lensitive  the  FNA  could  be.  Hence,  it  is  highly 
desirable  to  minimize  the  ihickiuitis  of  the  'shield*. 

5.2J  Optimiiealioo  of  the  detector  abiddim 

It  is  desirable  to  protect  the  detector  from  neutrons 
and  photons  which  siraain  through  the  collimator  and 
than  are  scattered  into  its  direction  (as,  for  exio^le, 
in  Psth  *2*  of  Figure  2).  The  dmector  protection 


may  consist  of  a  special  collimator  and/or  a 
protection  layer  (not  shown  in  Figure  2).  The 
optimization  variables  should  be  the  geometry  and  the 
composition  of  these  detector  protection  measures. 

5.2.4  Optimization  of  the  detector  design 

'iliis  optimization  problem  is  similar  to  that  described 
in  Sec.  S.1.3. 

5.2.5  Optimization  of  the  biological  shield 

This  optimization  problem  is  similar  to  the  one 
described  in  Sec.  S.1.4. 

5.3  The  Application  of  SWAN  ~  illustration  I 

Referring  to  the  EDS  system  depicted  in  Figure  1, 
the  question  addressed  is  how  to  design  the  detector 
shield  so  as  to  minimize  the  background  radiation 
reaching  the  detector  via  path  *2*.  The  themud 
neutron  source  system  is  assumed  to  be  of  a  fixed 
design.  The  detector  shield  is  taken  to  be  20  cm  in 
thickne,ss.  The  FOM  to  be  minimized  is  the  total 
flux  of  photons  in  the  volume  of  the  detector.  The 
problem  is  represented  in  spherical  geometry,  with  a 
Cf-2S2  neutron  source  at  the  center.  The  56  group 
coupled  neutron  >  photon  cross>section  library 
FLUNO  (Roussin  et  tl,  1991]  is  used  for  the 
calculations. 

Figure  3  shows  the  optimal  compositioo  of  a  3  • 
constituent  shield  identified  with  SWAN,  while 
Figure  4  shows  one  possibility  for  in^dementing  this 
i^iroal  composition  in  practice.  The  total  amount  of 
GODStiluent  0  in  the  layered  shield  arrangement  of 
Figure  4  is  the  same  as  in  Ute  SWAN  optimized 
shield  of  Figure  3.  The  location  of  the  Uyera  of 
constituent  D  is  guided  by  the  distribution  of  this 
constituent  in  Figure  3. 

Next  let  us  examine  the  SEF  distributions  calculated 
by  SWAN  fur  a  candidate  constituent  -  boron 
carbide  in  which  the  boron  is  at  its  natural  isotopic 
comptvtilion.  Figure  S  shows  the  B,C  SEF  pertaining 
to  the  shield  composition  of  Figure  3.  the  B.C  is  to 
be  substituted  for  constituent  A.  The  SEF  date  of 
Figure  S  provide  us  with  a  couple  of  important 
messages:  (a)  The  addition  of  some  B4C  to  the  shield 
will  reduce  (he  FOM  (Notice  that  the  SEF  values 
shown  in  Figure  6  are  negative),  and  (b)  The  most 
effective  locaiiomt  to  add  B^C  are  right  near  by  the 
neutron  source  syj^em,  and  in  the  vicinity  of  the  peak 
to  the  D  distribution.  By  making  use  of  Utia 
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guidance,  SWAN  finds  the  optimal  composition  of 
the  4  -  constituent  shield  to  be  that  depicted  in  Figure 
6. 

An  estimate  of  the  magnitude  of  the  reduction  in  the 
FOM  due  to  the  substitution  of  a  smalt  amount  of 
B4C  for  constituent  A  can  be  obtained  as  follows: 
Multiply  the  SEF  pertaining  to  a  given  zone  by  the 
zone  volume  to  be  occupied  by  the  B4C,  and  sum 
over  all  the  zones. 

Notice  that  the  optimal  amount  of  B4C  called  for  by 
SWAN  is  very  small.  Moreover,  no  B4C  is  needed 
in  more  than  half  of  the  volume  of  the  shield.  The 
conunon  practice  in  shield  design  is  to  use  berated 
materials  (such  as  berated  polyethylene  or  berated 
paraffine)  whenever  the  base  materials  (i.e,, 
polyethylene  etc.)  are  to  be  used.  Such  a  practice 
can  often  impair  the  shield  performance,  as  the 
addition  of  boron  comes  on  the  expense  of  removal 
of  a  more  effective  constituent.  It  is  only  with  a  code 
like  SWAN  that  it  is  possible  to  know  where  in  the 
system  it  is  desirable  to  add  a  given  constituent  and 
where  it  is  not  desirable  to  have  this  constituent. 

The  reduction  in  the  FOM  reached  by  the  addition  of 
B4C  turned  out  to  be  few  percent  only.  The  small 
contribution  of  the  B4C  is  attributed  to  the  negative 
effect  on  the  FOM  associated  with  the  displacement 
of  the  major  shield  constituents  caused  by  the 
introduction  of  the  B4C.  This  displacement  effect 
compensates  for  most  of  the  positive  effect  of  neutron 
capture  by  boron.  Thus,  the  next  question  SWAN 
was  applied  to  was  to  find  out  to  what  extent 
concentrating  the  B-IO  isotope  in  the  boron  used 
could  improve  the  shield  petformance.  The  SEF  data 
from  SWAN  indicated  that  it  should  have  a 
significant  effect. 

Figure  7  shows  the  optimal  composition  of  a  '%C 
contiinwg  detector  shield  identified  with  SWAN. 
The  amount  of  boroo'carbide  now  called  for  is 
significant:  the  overall  shield  composition  is  quite 
different  from  the  optimal  shield  composition  when 
natural  boron  is  used  (Figure  6).  The  photon  flux 
behind  this  shield  is  6S%  that  behind  the  shield  of 
Figure  6.  Studying  the  SEF  calculated  by  SWAN  for 
other  candidate  constituents  revealed  that  none  of 
them  could  reduce  the  photon  flux  level  below  that 
achieved  with  the  shield  of  Figure  7. 

Having  identified  the  lowest  level  of  photon 
background  radiation  attainable  with  shields  limited  to 
20  cm  in  thickness,  SWAN  was  than  applied  to 


search  for  a  practical  shield  design.  The  practical 
design  is  to  be  at  least  as  effective  as  the  shield  of 
Figure  7,  and  to  be  simple  and  relatively  inexpensive 
io  construct. 

Guided  by  the  optimal  composition  of  the  shield  of 
Figure  7  and  by  consultations  with  Reactor 
Experiments  Inc.  (a  shielding  material  manufacturer), 
a  new  composite  material  specifications  were  defined. 
SWAN  was  then  applied  to  identify  the  optimal 
detector  shield  composition  that  uses  this  composite 
constituent.  Figures  shows  the  optimal  composition 
identified.  Figure  9  shows  how  we  propose  to 
translate  the  shield  of  Figure  8  into  practice.  The 
performance  of  these  two  shield  designs  is  practically 
identical  to  each  other,  and  is  as  good  as  the 
performance  of  the  shield  of  Figure  7, 

It  ought  be  realized  that  without  a  tool  like  SWAN  it 
would  have  been  extremely  difficult  and  time 
consuming  for  a  shield  designer  to  arrive  at  the 
optimal  designs  presented  above.  Even  noore  difficult 
(almost  impossible)  would  it  be  for  the  designer  to 
know  how  far  his  design  is  from  the  real  optimum. 
Also  impractical  would  it  be  for  the  designer  to 
conceive  of  new  composite  shielding  materials  which 
enable  to  simplify  the  shield  design  and  to  make  it 
less  expensive,  while  providing  the  best  performance 
attainable  using  existing  commercial  materials. 

It  ought  also  be  realized  that  the  above  described 
shield  compositions  are  not  necessarily  the  optimal 
shields  for  the  real  EDS.  Limited  by  the 
one-dimensionality  of  the  present  SWAN,  the  above 
illustration  of  the  optimization  capability  of  SWAN 
did  not  account  for  the  contributioa,  to  the  detector 
background,  of  neutrons  and  photons  which  bypass 
part  of  the  ahield.  One  bypassing  pathway  ia  via  the 
biological  shield,  such  u  illustrate  by  path  *3*  in 
Figure  1.  Another  bypassing  pathway  is  through 
scattering  from  the  target  system.  A  three 
dimensionsl  optimization  capability  is  needed  in  order 
to  properly  account  for  these  effects.  In  addition,  the 
ultimate  optimization  of  the  detector  shield  will  have 
to  be  done  interactively  with  the  optimization  of  the 
thermal  neutron  source  system  (See  Figure  1).  It  will 
have  also  to  account  for  the  detailed  interaction  of  the 
leaking  radiation  with  the  detector.  Cost 
considerations  may  also  affect  the  optimal  shield 
design. 

S.4  Ttm  Application  of  SWAN  -  lUustratlon  11 
Referring  to  the  timplifled  PNA  system  shown  in 
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Figure  2,  the  question  addressed  is  how  effective  a  90 
cm  thick  collimator  can  be  designed  to  be.  Hus 
collimator  is  to  minimize  the  background  radiation 
reaching  the  detector  via  path  *1”,  i.e.,  not 
accounting  for  the  effect  of  streaming  through  the 
collimator  iq>erture  and  for  the  effect  of  scattering 
from  the  target.  The  source  is  an  accelerator  that 
generates  neutrons  in  the  7  to  8  MeV  range.  Two 
FOM  have  been  considered:  (a)  the  total  flux  of 
neutrons,  and  (b)  the  total  flux  of  neutrons  and 
photons  in  the  volume  of  the  detector  which  is 
located  beyond  the  collimator.  A  1.5cm  B^C  layer 
(using  natural  boron)  is  located  between  the 
collimator  and  the  detector.  The  56  group  coupled 
neutron  -  photon  cross-s^tion  library  FLUNG 
(Santoro  et  a!.,  1981]  is  used  for  the  calculations. 

Consider,  first,  FOM  *a*.  The  first  constituents 
considered  for  the  collimator  are  iron  and 
polyethylene  —  conventional  constituents  for  the 
design  of  collimators.  Figure  10  shows  the  optimal 
composition  of  the  iron-poly  collimator  identified 
with  SWAN.  The  background  radiation  behind  this 
collimator  is  found  to  be  4  times  lower  than  the 
background  behind  a  similar  collioutor  made  out  of 
a  uniform  distribution  of  iron  and  polyethylene,  each 
occupying  50%  of  the  volume.  Relative  to  a  uniform 
collimator  made  of  only  polyethylene  or  only  iron, 
the  SWAN  optimized  collimator  offers  a  reduction  in 
the  backgroimd  level  of,  respectively,  28  and  13,4301 

Figure  1 1  shows  the  SWAN  calculated  effectiveness 
hmctioo  for  the  substitution  of  B4C  for  iron  in  the 
optimal  shield  of  Figure  10.  It  is  seen  that  further 
r^ucUon  in  the  background  level  is  attainable  by  the 
addition  of  B4C  to  the  coltimatur  zones  near  by  the 
detector.  However,  the  magnitude  of  the  possible 
background  reduction  estimated  from  the  SEP  data  of 
Figure  11  was  found  to  be  rather  small. 

Next  we  studied  the  SEP  for  alternative  candid^e 
collimator  constituents  calculated  with  SWAN  for  the 
optimal  collimator  of  Figure  10.  A  number  of 
cwdidate  materials  were  found  to  offer  a  lower 
FOM .  Figure  12  shows  the  optimal  collimator  design 
identified  with  SWAN  when  the  iron  was  replaced  by 
one  of  these  promising  constituents.  The 
corresponding  FOM  is  lower  than  that  of  the  optimal 
iron  •  polyethylene  collimator  (Figure  10)  by  a  factor 
of  50!  Additional  FOM  reduction  by  a  factor  of  2.5 
was  found  possible  by  the  use  of  an  additional 
constituent.  However,  this  added  constituent  is 
presently  not  available  commercially. 


Consider,  next,  the  "b”  FOM.  Figure  13  shows  the 
optimal  composition  obtained  with  SWAN  when 
using  the  same  constituents  as  in  the  collimator  of 
Figure  12.  It  is  seen  that  the  change  in  the  FOM  can 
have  a  significant  effect  on  the  optimal  collimator 
conqwsition. 

The  shield  compositions  presented  in  this  section  are 
not  exactly  the  optimal  for  the  real  FNA.  In  order  to 
identify  the  real  optimal  design,  it  is  necessary  to 
account  for  (a)  the  detailed  interaction  of  the  neutrons 
and  photons  with  the  detector,  and  (b)  for  three 
dimensional  effects,  notably,  the  streaming  through 
the  collimator. 


(.  SWANTORT  DEVELOPMENT  PLAN 

The  methodology  for  the  calculation  of  material 
effectiveness  functions  and  the  methodology  for  the 
identification  of  the  optimal  system  composition 
developed  for  SWAN  are  directly  applicable  to 
multi-dimensional  problems.  Two  developments 
which  took  place  since  the  development  of  SWAN 
make  practical  the  extension  of  SWAN  to  two-,  and 
even  three  -  dimensional  systems:  (a)  The 
development  of  powerful  2-D  and  3-D  transport 
codes  for  the  solution  of  the  neutron  and/or  photon 
transport  equation,  and  (b)  The  advancement  in  the 
computational  capability  of  modem  computers,  and 
the  development  of  novel  computer  architectures, 
such  as  parallel  processing.  Hence,  it  appears  that 
this  is  the  proper  time  to  benefit  from  the 
advancements  in  software  and  hardware  development 
over  the  last  couple  of  decades  and  to  embark  upon 
tiie  development  of  a  2-D  and  a  3-D  version  of 
SWAN. 

Specifically  we  propose  to  use  the  2-D  transport  code 
DORT  (Rhoades,  1982]  and  the  3-D  transport  code 
TORT  (Rhoades,  1987]  as  the  basis  for 
multi-dimensional  general  purpose  shield  design 
optimization  codes  SWANDORT  and/or 
SWANTORT.  DORT  and  TORT  were  developed  at 
the  Oak  Ridge  National  Laboratory  by  the  same 
group  that  developed  the  1-D  tran^rt  ctxle  ANISN 
(Engle,  1967]  which  makes  the  transport  (and  adjoint) 
calculations  for  the  present  version  of  SWAN.  Both 
DORT  and  TORT  ^ve  undergone  extensive  series 
of  tests  and  are  considered  highly  reliable.  In  fact, 
DORT  is  now  incorporated  as  a  special  module  of 
TORT,  so  that,  in  practice,  the  development  of 
SWANTORT  will  give  us  both  a  3-D  and  a  2-D 
optimization  capability. 
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The  proposed  SWANTORT  will  be  able  to  address 
all  the  nuclear  design  optimization  problems  that  will 
be  encountered  in  the  process  of  the  development  of 
EDS  based  on  the  use  of  neutron  and/or  photon 
sources.  These  include  all  the  problems  defined  in 
Sections  S.  1  and  5.2  in  addition  to  the  optimization  of 
the  nuclear  design  of  the  EDS  as  a  whole. 

Based  on  the  experience  gained  from  the  application 
of  the  1-D  SWAN  to  the  optimization  of  a  large 
variety  of  nuclear  systems,  it  is  expected  that  the 
development  of  SWANTORT  will  contribute  to  the 
development  of  improved  EDS  based  on  nuclear 
techniques.  Expected  specific  contributions  of 
SWANTORT  include,  but  is  not  limited  to,  the 
following: 

(a)  Improving  the  sensitivity  of  the  EDS 
developed  so  fw. 

(b)  Ouiding  the  nuclear  design  of  new 
generations  of  EDS. 

In  summary,  it  appears  to  us  that  the  availability  of 
a  tool  like  SWANTORT  will  assure  that  the  potential 
of  any  EDS  concept  that  is  based  on  neutron  and/or 
photon  sources  will  be  exploited  to  the  utmost,  as  fv 
as  the  nuclear  design  is  concerned.  Specifically, 
SWANTORT  will  enable  the  designers  to  get  the  bc^ 
signal  (signal-to-background  ratio  etc.)  from  the 
EDS.  It  will  also  enable  the  designers  or  the 
sponsors  of  the  development  to  reliably  compare 
different  design  concepts.  In  addition,  it  will  enid>le 
the  developers  of  EDS  and  their  ^KMisors  to  examine 
the  consequences  of  new  ideas  and  of  design 
modifications  on  the  nuclear  performance  of  the 
EDS.  Furthermore,  SWANTORT  will  enable  to 
efficiently  determine  bow  for  from  the  optimal  the 
design  of  an  EDS  becomes  as  a  result  of  a  change  in 
the  detection  goal  (such  as  the  introduction  of  a  new 
type  and/or  different  amount  of  explosives).  Overall, 
SWANTORT  is  likely  to  improve  the  benefit-to-cost 
ratio  of  the  development  program  of  EDS  which  use 
radiation  sources. 
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figure  1  A  sinpliflcd  eclicumte  Ulustratioa  of  au  EDS  based  oa  tiienual  aeutroa 
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SOURCE 


2  A  simplined  schematic  illustration  of  an  EDS  based  on  fast  neutron 
interactions. 
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Figure  5  Hie  effectiveness  ftinctlon  for  substituting  B4C  for  cona 
optimal  shield  of  Figure  3. 
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Figure  7  Optimal  eomposiUon  of  a  4<oiistUuenl  detector  ihield  at  IdeotUled  with 
SiVAN.  Hie  added  coastiiuent  (F)  It 
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flgim  10  Optimal  imposition  of  a  collimator  made  of  iron  (A)  and  polyethylene  (B) 
as  calculated  with  SWAN  when  the  FOM  Is  the  total  neutron  flux  in  the 
detector  region.  Following  the  shield  is  a  1.5cm  B4C  layer. 
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Figure  11  The  effectiveness  (Unction  for  the  substitution  of  B4C  for  Iron  In  the  shield  of 
Figure  10. 
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Flciire  12  Optimal  compoiitlon  of  a  collimator  aiade  of  dliectivo  coostltiimits  Ideattllcd 
tqr  SWAN  whoa  the  FOM  It  the  total  netanw  Diix  In  th(2  detector  refloa. 
FoUowlBg  the  shield  b  a  lilcm  B4C  Isyer. 
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1.  INTRODUCTION 

Several  technologies  are  currently  under  development 
to  more  reliably  detect  explosives  and  speed  up  the 
inspection  of  checked  luggage.  However,  die 
operational  effects  and  benefits  of  equipment  selection 
a^  dqiloyment  are  still  under  deb^ 

The  computational  model  described  in  this  paper 
provides  insights  into  security  operations  by  analyzing 
the  entire  passenger  luggage  security  screening 
process.  In  this  way  it  is  possible  to  determine 
parameters  that  will  be  important  in  selecting 
technologies  and  configurations  to  inqirove  security 
while  minimizing  operational  impact.  Additional 
work  that  links  the  cost  (both  in  terms  of  equipment 
investment  and  oo’goiiig  operational  costs)  of  security 
measures  is  under  way  but  is  not  discusaed  here. 

This  paper  presents  the  theory  bdrind  the 
computaliond  mode),  briefly  diecuises  the  data  used 
and  preeients  two  examfdes  to  illustrate  how  the  model 
can  evaluate  the  impact  of  different  security  stfat^es 
and  novd  scaaDing  technologies. 

2.  THEORY  OF  COMPUTATIONAL  MODEL 
OPBUnON 

There  are  twu  distinct  parts  to  evaluating  a  security 
procata. 

•  Evaluriion  of  the  tnaximutn  baggage 
proocssing  rate  for  the  security  ooefiguration 
itsrif  with  DO  emphasis  given  to  the  rate  of 
arrival  of  luggage  at  the  security  aiee; 

«  Aateeameel  of  the  ability  of  a  gtvee  security 
proceae  lohawtts  the  actual  baggage  arrival 
rates,  determined  from  the  eiritne  departure 
tissea,  aircraft  tine,  load  betora  and  the 
baggage  arrival  profile. 


For  ease  of  um,  we  implemented  the  model  on  Excel 
3.0  uriiich  can  be  run  on  either  386-PC  or 
Macintosh*  personal  computers. 

3.  QUEUING  MODEL  TO  DETERMINE  MAX¬ 
IMUM  BAG  PROCESSING  RATE  OF  SE¬ 
CURITY  PROCESS 

The  most  useful  c^ierational  parameter  to  determine 
the  efficiency  of  a  security  process  is  the  baggage 
processing  rate  (BPR).  This  is  the  rate  at  which 
luggage  moves  through  the  entire  screening  process, 
including: 

•  Passenger  interview; 

•  Baggage  scanning: 

•  Secondary  icreening(e.g.,  hand  search); 

•  Check-in/  peaqxMt  check; 

•  Any  other  qiecial  measures  m  place. 

Note  that  the  BPR  is  pfli  th*  tha*  required  to  scan 
luggage  beaed  on  scanner  belt  speed.  This  is  a  small 
part  of  the  overall  aecurity  process.  Passenger 
interviewa,  secondary  acreenifii  and  check-in  are 
aventa  that  typically  take  aeveral  minutes  per  bag  and 
Dwy  limit  dm  BPR. 

Figure  I  riiowa  a  block  dtagram  of  a  typical  security 
Kieeciag  proroaa  located  el  the  che^-in  counter. 
This  method  is  used  by  many  U.S.  cairiers  for 
international  flights.  Because  of  the  time  required  to 
process  pasaeogefa.  this  four  stage  proems  cunetoly 
requires  a  two  hour  advanced  check-in  for 

This  process  can  be  deactibed  msihematuaiUy  as 
fallout 


3.1  Interviewing 

Interviewing  is  usually  the  first  step  in  the  security 
process.  Usually,  there  are  several  interview 
stations.  The  average  time  taken  per  passenger 
processed  through  the  interview  stage  is: 

t./N, 

where: 

t,  =  Time  required  to  interview  one  passenger  at 
each  station 

N,  s  Number  of  interview  stations 

3.2  IVimary  Screening 

For  primary  screening,  if  Nb  is  the  average  number 
of  bags  carried  by  each  passenger,  then  the  mean 
time  taken  per  bag  is: 

<t,^>  =  JOlI, 

N, 

Similarly,  the  mean  time  taken  per  bag  for  the 
scanning  process  is: 

<t„>  “  JL 
QkN; 

where: 

Ok  •  Scanning  qieed  (average  #  of  bags/  hour) 

N]  ■■  Number  of  scanners  in  t^wntion. 

3  J  Secondary  Screenini 

Secondary  tcteening  occurs  on  a  fraction,  x,  of  the 
total  nun^  of  bags  scanned.  The  parameter,  x,  can 
be  the  alarm  rate  from  Uie  acanner  or  the  random 
search  fraction,  dependug  on  the  method 
implemented  by  the  airline.  The  methods  used  to 
resolve  thnests  also  vary  from  airline  to  airline  and 
someiimea  from  flight  to  flight.  Regardless,  the 
mean  lime  taken  per  bag  for  secoodary  screening  is: 

<iy>  »  iJ> 

N, 

where: 

tj  »>  Time  required  to  clear  one  hag 
N,  e:  Number  of  secoodary  screening  ststions 

3.4  Ftesaager  Clmtlt-in 

Pamenger  check-in  ia  the  final  stage  in  this  process. 


The  mean  time  per  passenger  through  the  check-in 
process  is: 

i4 

N4 

vdiere: 

t4  =  Time  required  to  check-in  (me  passenger  at 
one  station 

N4  s  Number  of  check  in  stations 

The  mean  time  per  suitcase  through  the  check-in 
process  is: 

<t*>  =  ILL 

N4 

The  baggage  processing  rate  through  the  entire 
security  process  is  related  to  each  of  these  individual 
mean  processing  times  by  the  following  relatioasbip: 

BPR  »  _ J _ 

<thi>  +  <K,>  +  <*w>  +  «*> 

The  values  of  N|,  and  x  depend  on  the  specific 
application  being  analysed.  Once  basic  data  have 
beim  collected  for  thero  variiblea,  diis  relationship 
allows  the  maximum  throughput  of  hags  throu^ 
differeot  security  ptoceiaM  to  be  (toermined  easily. 
We  discuss  the  data  coUectioo  methods  and  resulla 
later  in  this  paper. 


4.  OPERATIONAL  IMPACT  OF  A  SECORTTY 
PROCESS 

In  practice,  baggage  arriving  at  the  airport  is  closely 
ikd  to  fligl^  departure  timee.  The  fiumtiooal  form  of 
this  baggage  arrival  diitfibutioo  for  a  thigle  flight  haa 
previously  heeo  determined  by  teaet  squires  flt  to 
oheerved  paiaeoger  arrivals  for  departing  flights  (IJ: 


where  P^  is  the  cumulative  percent  of  ba|pi  that  have 
arrived  by  time,  t,  for  a  fli^  with  a  departing  time, 
t|.  Parameters  e  and  b  are  detwmiaed  from  least 
aquarea  flt  to  actual  arrival  data.  We  found  that  the 
values  for  theae  parameters  determined  by  the 
mtthois. 

e  >  SIS, 
b  •  0.t0S. 
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wens  inconsistent  with  the  more  recent  two  hour 
advanced  check-in  requirements  for  international 
flights.  We  obtained  new  values  based  on  more 
recent  data  supplied  by  Pan  Am.  Figure  2  compares 
the  predicted  arrival  profile  with  the  final  form  of 
this  distribution  (a  =  214,  b  =  0.0596). 

The  computational  model  uses  the  baggage  arrival 
function  to  predict  the  number  of  bags  arriving  within  ■ 
a  time  interval  (ten  minutes)  for  all  flights  in  a  data¬ 
set.  The  data-set  usually  consists  of  one  airline  at  a 
given  airport.  However,  if  several  airlines  are 
sharing  one  security  station,  all  the  flights  from  each 
airline  can  be  included  in  the  data-set  to  determine 
the  overall  arrival  profile  of  luggage  at  the  security 
station.  The  model  presents  the  results  graphically 
and  in  tabular  form. 

5.  ACCUMULATION  OF  DATA  USED  IN  THE 
MODEL 

Data  for  these  models  come  from  several  sources: 

•  Measurements  and  observations  made  during 
airport  visits; 

•  Airline  schedule  data; 

•  Operational  data  supplied  by  airlines. 

5.1  Airport  Visits 

Security  configurations  and  times  required  for  each 
stage  of  the  screening  process  were  obtained  from 
visits  to  several  airports  worldwide.  We  collected 
data  on  personnel  allocations,  types  of  equipment, 
and  procedures  used  for  all  phases  of  the  screening 
process.  We  also  measured  the  time  taken  to  pass 
through  each  stage  of  security.  Table  1  shows  the 
results,  averaged  over  all  the  data  collected.  The 
model  allows  any  of  the  separameters  to  be  easily 
changed  to  reflect  a  specific  security  process. 

An  average  load  factor  of  0.68  was  assumed  for  each 
flight  and  the  aircraft  baggage  capacity  was  obtained 
from  a  table  supplied  by  the  Reed  Travel  Group  [2]. 

5.2  Airline  Schedule  Data 

Worldwide  air  traffic  data  were  supplied  by  the  Reed 
Travel  Group  in  ASCII  form,  directly  readable  by 
Excel  3.0.  Data  were  stored  initially  by  airport  code. 


We  distilled  the  individual  airlined  at  a  from  the 
airport  data-set.  The  flow  diagram  shown  in  Figure 
3  outlines  the  entire  analysis  process. 

6.  RESULTS  OF  AI'IALYSIS 

One  of  the  specifications  that  has  been  important  in 
developing  requirements  For  explosives  detection 
systems  (EDS)  is  the  baggage  capacity  (belt  speed). 
Specifications  of  between  600  and  1000  bags/hour 
have  been  targets  for  many  manufacturers.  We  have 
studied  the  effect  of  varying  baggage  capacity  for 
both  primary  and  secondary  screeners  to  determine 
the  effects  on  the  overall  baggage  processing  rate 
(BPR). 

Case  Study  1:  Effect  of  an  EDS’s  Baggage 
Capacity  (Primary  Scan  Rate)  on  BPR 

Figure  4  shows  the  effect  of  varying  the  baggage 
capacity  of  the  primary  screener  only.  Secondary 
screening  was  set  at  6  minutes/bag.  This  is 
equivalent  to  a  moderate  (but  not  exhaustive)  hand 
search.  The  graph  clearly  shows  the  sensitivity  of 
the  BPR  to  the  secondary  screening  diversion  rate. 

Case  Study  2:  Effect  of  Changes  in  Secondary 
Screening  Time  on  BPR 

Figure  S  shows  the  effect  of  variations  in  the 
secondary  scan  (c'r  threat  resolution)  time  have  on 
overall  BPR.  A  constant  prinury  scanning  speed  of 
600  bags  per  hour  was  used.  'Ihese  data  show  that  a 
considerable  reduction  in  luggage  processing  occurs 
even  if  only  a  small  fraction  of  luggage  is  diverted  to 
seconda:  y  screening  if  this  process  takes  more  than 
one  minute  per  bag. 

Case  Study  h  Baggage  Processing  Rate 
Dependence  on  Number  of  Check-in  and  Security 
Stations 

The  check-in  process  severely  limits  the  ability  to 
maintain  a  high  BPR.  International  check-in 
currently  takes  S.S  minutes  per  travelling  party 
(which  contain,  on  average,  approximately  two 
people  per  party).  As  a  result,  one  security  station 
can  be  shar^  by  several  check-in  counters.  Figure 
6  shows  the  variation  of  RPR  as  a  function  of  number 
of  check-in  counters  and  the  primary  screening  rate. 
Secondary  screening  was  set  at  6  min/bag  on  S%  of 
the  bags. 
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Case  Study  4:  Evaluation  of  a  Security  Operation: 
United  Airlines  at  London  Heathrow  Airport, 
Ttfminal3 

Figure  7  shows  the  layout  of  United  Airlines* 
checked  luggage  security  at  London  Heathrow 
Airport  in  operation  during  May  1991.  This 
information  can  be  distilled  down  into  data  used  by 
the  model,  shown  in  Tables  2  and  3.  Assun^tions 
were  made  regarding  aircraft  load  ftuitors  and  no 
attempt  was  made  to  determine  the  fraction  of 
interline  passengers;  for  the  purposes  of  the  case 
„hdy  we  assumed  that  all  passengers  on  each  flight 
went  through  security  at  LHR.  Hie  output  ftom  the 
model  (Figure  6)  shows  the  baggage  arrival  profile 
throughout  the  day  and  the  predicted  maximum 
baggage  processing  rate  of  the  existing  security 
system  ba^  on  the  input  parameters. 

With  these  parameters  and  departure  times,  the  model 
predicts  the  ability  of  the  security  process  to  handle 
the  arrival  rate  of  passengers  at  check-in.  Figure  8 
shows  the  baggage  arrival  profile  and  the  security 
system’s  c^iacity  based  on  the  existing  configuratioo 
at  the  check-in  counter. 

Whenever  the  baggage  arrival  rate  exceeds  the  BPR, 
a  queue  develops.  Only  when  the  baggage  arrival 
rate  drops  below  the  baggage  processing  rate  (from 
10  am  until  noon)  will  the  queue  diminish.  The 
number  of  passengers  in  queue  at  any  time  can  be 
predicted  by  integrating  the  difference  between  the 
BPR  and  t^  baggage  arrival  rale  at  any  point  in 
time.  Figure  9  shows  the  estimated  passenger  Una 
sixe  for  the  above  scenario. 

7.  CONCLUSIONS 

These  results  yield  sevma!  important  conclusions 
regarding  baggage  processing  rates  through  airport 
security. 

Slow  secondary  scan  rales  (greater  than  I.S  minutes 
per  bag)  significantly  reduce  the  overall  BPR  for  high 
throughput  primary  scanners;  even  for  less  than  2% 
diversions. 

The  only  ways  currently  to  improve  BPR  are  to 
install  mote  secondary  screening  stations  or  develop 
faster  methods  for  secondary  acreeniog. 

Aside  from  space  and  personnel  considerations,  the 
ability  of  an  EDS  to  perform  both  primary  and  rapid 
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operating  the  primary  scremier  at  a  higher  belt  speed. 

Baggage  processing  rates  are  reduced  significantly  by 
check-in  (and  interview)  processes.  This  can  be 
indproved  only  by  increasing  the  number  of  check-in 
stations  or  qweding  tqn  this  phase  of  the  process. 

In  the  UA-LHR  scenario,  the  model  clearly 
demonstrates  the  inability  of  the  security  process  to 
keep  up  with  the  flow  of  dquuUng  passengers.  From 
the  daU  shown,  the  security  process  is  continuously 
overloaded  between  6:30  am  and  3:00  pm. 

8.  RECOMMENDATIONS  FOR  FUTUREWORK 

There  are  several  additional  directions  that  this  woric 
will  take.  In  addition  to  streamlining  the  analysis,  we 
are  investigating  ways  to  predict  the  operatic^  cost 
of  the  security  process  in  place  at  any  given  terminal. 
This  will  allow  the  security  process  to  be  analyzed  in 
terms  of  operafional  cost  for  different  security 
procedures  and  equipment. 

These  tools  will  allow  analysts  to  understand  the 
impact  of  different  security  ccmfiguratimu,  EDS 
performance,  and  deployment  of  security  personnel 
both  in  terms  of  operational  impact  and  coot. 
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Table  1:  Range  of  Values  Used  in  Computational  Model 


Paxameter 

<Valiie> 

ti 

Interview  time 

1.3  min/person 

ts 

Secondary  screening  time 

6-10  min^ag 

t* 

Check-in  time 

2.7  min/person 

Nb 

#  bags/  passenger 

1.6  (check-in) 

3  (check-in  carry  on) 

Table  2:  Data  fh)m  United  Airlines'  LHR  Security  Process  Used  in  the  Model 


1  Security  IVocess  rate  Scenario: 

LHR  United  Airlines 

#  X-ray  Scanners  Operating 

Time-profiling  (min/per) 

1.3 

#  Secondary  screening  Stations 

Time-Check-in  (min/per) 

2.7 

#  Diterview  Stations 

#  Check-in  Stations 

#  bags/  passenger 

3 

Primary  Scan  Rate  (bags/hr) 
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Table  3:  United  Airlines  Departure  Flight  Schedule  iinm  LUR 


Flight 

Aircraft 

Code 

Load 

Factor 

Departure 

Time 

901 

763 

0.68 

9:55 

903 

74L 

0.68 

13:10 

906 

0.68 

10:25 

918 

72A 

0.68 

9:30 

919 

747 

0.68 

11:30 

934 

72A 

0.68 

7:55 

935 

742 

0.68 

13:30 

907 

74L 

0.68 

11:10 

900 

0.68 

915 

72A 

0.68 

8:40 

920 

72A 

0.68 

13:10 

1930 

72A 

0.68 

10:26 

1931 

742 

0.68 

14:15 
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Figure  1:  Schematic  of  a  Typical  Security  Screeuiug  Process 


Fraction  of  Anivod  bags 


Figure  2: 


Comparison  of  Calibrated  Baggage  Arrival  Function  and  Actual 
Arrival  Data 


817 


Define  Airport 
Security  Layout 


Modify  Throus^put] 
Model  to  Reflect 
Terminal  Layout 


START 


Calculate  BPR 
Capability  of  . 

Security  ProcessMg^p^ri^pn^ 


Distill  Airline  Departure 
Times  from  Reed  Database 


Calculate  Baggage 
Arrival  Profile  for 
Airline 


to  Determine  I 

Security 

Performance 


Figure  3:  Flow  Diagram  of  Analysis  Process 
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Figure  4:  Effect  of  Primary  Scan  Bate  on  Overall  Baggage  Processing  Bate 
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TLtne  to  Sac.  Scm  (min/hag) 


Figure  5:  Effect  of  Secondary  Scan  Time  on  Overall  Baggage  Processing  Bate 


820 


Figure  6:  Variation  of  Overall  Baggage  Processing  Rate  with  Number  of 
Check-in  Counters 
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Figure  7:  OperatUmal  Layout  of  United  Airlines  Security  at  LHR  during  May 

1S91 
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Bifiig*  Airivil 


Figure  8:  Baggage  Arrival  Profile  and  BPB  fbr  United  Airlines  at  LHR 
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Fistire  9:  Predicted  Paiseiiger  Um  L^agth  at  Security/  Check-in: 
United  Airiiii*^» 
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FAST  NUCLEAR  SPECTROSCOPY  FOR  EXPLOSIVE  DETECTION  SYSTEMS 


P.  Ryge,  R.  Benetti,  A.  Patei,  and  E.  Chou 
Science  Apfdications  Intanutional  Corporation  (SAIC) 
Santa  Clara,  California 


1.  INTRODUCTION 

The  requirements  for  rapid  and  precise  analysis  in 
nuclear-based  explosive  detection  systems  pose 
special  spectroscopy  problems.  Sumcient  datH  must 
be  acquired  so  that  adequately  low  statistical  errors 
are  obtained  in  a  sufficiently  short  time  to  meet 
in^tectrua  throughput  requirements.  In  practice,  this 
generally  means  that  these  systems  employ  many 
detectors,  each  having  very  high  signal  rates. 
Complex  signal  processing  in  each  of  many  chaimels 
requires  crueiiil  design  attention  to  reliability 
considerations  so  that  inspection  system  availability 
demands  can  be  met. 

In  the  Thermal  Neutron  Analysis  (TNA)  system,  die 
primary  information  is  a  very  low  rate,  high  ^rgy 
gamma  ray  (lO.S  MeV)  combined  with  a  high  rate  at 
lower  energies,  producing  a  pile-up  background  at  the 
energy  of  interest.  This  background  is  one  of  the 
principal  factors  limiting  system  performance. 
Several  authors  have  recognized  this  problem  of  pile- 
up  in  prompt  capture  gamma  ray  ^ectrussopy  vising 
NilfTI)  detKtors  (1«2,3,4}. 

Because  the  relative  number  of  counts  of  interest  is 
so  smalt,  it  is  critical  that  to  the  signal  processing: 

•  Very  few  valid  pulses  are  lost 

•  Background  is  ittinimized, 

A  valid  pulse  can  be  lost  if  it  arrives  while  the 
acquisition  system  is  busy  (*dead')  processing  a 
previous  pulse,  preventing  the  following  pulse  from 
being  observed.  To  minimize  ihtit  problem,  s  fast 
gated  system  can  be  used  to  select  relevant  pulses  on 
i  fast  time  scale,  so  that  the  slower  parts  of  the 
electronics  are  not  tied  up.  This  reduces  the  event 
rate  for  the  hilly  prot^nu^  pulses  aiul  as  a  result, 
system  dead  time  losses  are  miaimized. 

Interfering  background  can  come  from  the  high 
energy  tail  of  a  peak  at  slightly  lower  energy  or  from 
pile-up.  The  former  is  minimized  by  assuring  that 
good  energy  resolution  is  maintained  through  the 
signal  processing.  Pile-up  is  the  more  important 
effoct  in  the  TNA  application,  and  it  is  mitigated  by 


a  two-pronged  approach,  pile-up  suppisssion  and 
pile-up  rejection. 

To  overcome  these  problems,  a  high  counting  rate 
signal  processor  utilizing  time  variant  filtering  was 
developed  [7,  some  of  the  following  is  from  this 
reference].  Since  the  mote  common  counting  nKxle 
pile-up  rejector  did  not  improve  the  pile-up 
characteristics  of  the  system  significantly,  a  more 
effective  pile-up  rejector  based  (m  pulse  length 
inqiectioo  was  used. 


2.  PRINCIPLES  OF  OPERATION 

The  anqiHtier  is  compo^  of  a  time-invariant  delay¬ 
line  differentiator  and  time-variant  gated  integrator. 
A  trapezoidal  weighting  function  is  realized  by 
convolution  of  the  roughly  gaussian  pulse  shape  with 
die  rectangular  function  of  the  gated  integrator  [S.h]. 
This  serves  to  gate  and  filter  die  signal,  and  produ^ 
an  output  compatible  with  the  ADC  following.  A 
aqiaraie  it^ic  channel  generates  the  gating  si^ial. 

The  photomultiplier  anode  signal  pulse  is  passively 
shortened  to  reduce  (suppress)  the  pile-up  rate  which 
if  proportional  to  the  pulse  width.  The  roughly 
expooential  light  pulses  from  the  NaI(Tl)  detector 
have  a  duration  at  die  baseline  of  approximately  one 
odcfoaecond.  Due  to  the  non-exponential  decay 
componsflis  of  the  Na!(Tl)  signal,  simple  delay  line 
dipping  it  not  suffideni  and  a  reatdual  tail  occurs  on 
the  output  {mlse.  This  is  remoyed  by  a  tingle 
bridged  T-filter.  Fatt  retxivery  to  the  batdine  of  the 
shaped  pulse  is  critical  for  proper  function  of  (he 
pile-up  fqjector. 

Pig.  la  shows  for  a  single  gamma  ray  (he  signal 
directly  from  the  deiector  and  the  shortened  pulse 
following  the  filler.  Pig.  lb  demonsirtles  the  pile-up 
suppression:  two  gamma  rays  separated  in  lime  by 
■bout  250  nanoseconds  are  not  resdved  directly  from 
the  director  but  ale  nicely  aepaiated  after  being 
yb»rffHNti 

Pite-iip  tejectiott  ts  based  on  inflecting  the  sigaal 
level  bdbre  and  aBer  the  pulse.  Pile-up  results 
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in  the  pulse  being  wilier  at  the  baseline,  and,  for  such 
events,  no  gate  signal  to  the  gated  integrator  is 
produced. 

Figure  2a,  2b,  and  2c  show  the  input  signal  from  the 
detector  and  the  gated  integrator  output  signal  for 
three  cases: 

•  Single  gamma  ray, 

•  Two  gamma  rays  separated  sufficiently  that 
the  shortened  version  (internal  to  the  ASP) 
of  the  first  is  not  contammated  by  the  second 
and  therefore  not  rejected.  The  second 
gamma  ray  is  lost, 

•  Two  gamma  rays  so  close  that  they  are  both 
rejected  -  no  output  occurs. 

Two  energy  thresholds  at  different  levels  are  used. 
All  gamma  rays  above  the  higher  level  are  of 
interest,  and  their  rate  is  low.  The  lower  threshold 
triggers  on  intermediate  energy  gamma  rays;  a 
fraction  1/N  of  these  produce  a  gate  signal,  where  N 
is  a  jumper  selectable  multiple  of  two.  These  gamma 
rays  are  used  for  secondary  corrections  and  energy 
calibration,  and  their  rate  is  much  higher  so  that 
statistically  adequate  information  can  be  obtained 
from  the  fraction.  By  thus  reducing  the  output  rate 
to  the  following  multichannel  analyzer,  a  higher 
system  throughput  is  maintained. 

Only  the  shaped  pulses  with  amplitude  above  Uie 
energy  threshold  levels  and  free  of  pile-up  are 
integrated  by  the  gated  integrator.  The  rise  time  of 
the  output  signal  is  determined  by  the  width  of  the 
input  gaussian  function,  and  the  width  of  the  flat  top 
is  determined  by  the  difference  between  the  lo'egrator 
gate  width  and  the  width  of  the  gaussian  function  at 
its  base. 

3.  FUNCTIONAL  DESCRIPTION 

The  pulse  processor  block  diagram  is  shown  in  Fig. 
3.  Basic  pulse  shaping  is  performed  by  the  delay  line 
differentiator  and  gated  integrator.  In  addition,  the 
processor  contains  a  baseline  inspector,  pile-up 
rejector  and  a  circuit  to  allow  acquisition  of  a  fraction 
of  the  spectrum  at  lower  energies,  as  described 
above.  The  timing  reference  comes  from  a  constant 
fraction  discriminator  circuit  (CFD)  on  the  delay  line 
shortened  signal.  The  output  from  the  CFD  is 
relatively  walk  free;  the  time  walk  is  less  then  1  ns 


for  a  range  of  input  signal  amplitudes  of  1 : 100.  The 
baseline  discriminator  inspects  the  signal  level  shortly 
before  the  start  of  the  pulse  to  verify  that  any  residue 
of  another  pulse  is  below  a  low  threshold.  The  same 
baseline  discriminator  inspects  the  signal  level  after 
the  pulse  to  verify  that  the  signal  level  is  below  the 
baseline  threshold,  i.e.,  that  the  pulse  has  not  been 
extended  by  the  addition  of  a  pile-up  pulse. 

The  timing  signal  is  combined  with  other  logic 
signals  in  the  control  unit  which  generates  signals  for 
the  gated  integrator  and  the  linear  gate.  Other  inputs 
to  the  control  unit  come  from  the  base-line  inspector, 
pile-up  rejector  and  counter-divider  for  reducing  the 
processed  low  energy  gamma  ray  rate  by  a  factor 
1/N. 

If  the  above  requirements  are  met,  the  pulse  is 
accepted  as  not  being  piled  up.  The  linear  gate  will 
be  opened  in  the  time  interval  (0,Tj),  and  the  signal 
integrated  in  the  gated  integrator  during  that  time 
interval.  The  integrator  holds  the  integrated 
amplitude  for  an  extension  time  (T.-T,)  to  allow  the 
ADC  time  to  sample  accurately.  The  integration  time 
is  approximately  the  same  as  the  interval  between  the 
before-  and  after-pulse  baseline  inspection.  The  input 
linear  gate  cannot  be  opened  again  until  the  output 
pulse  has  been  completed,  preventing  pile-up  within 
the  hold  time  of  the  integrated  amplitude. 

The  determining  parameters  in  the  above  pile-up 
detection  mat  can  be  optimized  are  pulse  shape  and 
baseline  inspector  threshold  level.  The  pulse  shape 
determines  the  minimum  time  interval  between  pre¬ 
signal  inspection  and  pulse  as  well  as  time  interval 
from  pulse  to  post-signal  inspection.  The  first  time 
interval  is  defined  by  signal  rise  time  and  the  latter 
by  signal  baseline  recovery.  The  baseline  threshold 
level  is  set  just  above  the  noise  level  to  detect  the 
smallest  signals. 

A  signal  delay  in  the  system  is  necessary  because  of 
the  delay  in  the  timing  and  inspection  logic  functions. 

The  pulse  processor  has  been  implemented  using 
standard  components:  IC  linear  amplifiers,  fast 
buffers  and  high  speed  comparators,  tapped  lumped 
constant  delay  lines,  and  74.S  series  IC’s.  Two 
channels  of  the  pulse  proces.sor  have  been  packaged 
into  a  single  width  NIM  module,  Fig.  4. 

4.  EXPERIMENTAL  RESULTS 

The  pulse  shortening  by  delay  line  clipping  results  in 
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lo^  of  net  signal,  and,  since  the  energy  resolution  is 
dominated  by  the  electron  statistics,  the  resolution 
becomes  worse  with  the  reduction  of  clipping  time. 
A  compromise  must  be  made  between  resolution 
requirements  and  pile-up  effects.  The  resolution  of 
the  system  as  a  fimction  of  clipping  time  for  different 
gemma  ray  energies  was  measured.  Fig.  5  shows  the 
relative  deterioration  of  the  resolution  as  a  function  of 
gamma  ray  energy  and  clipping  time.  The  resolution 
deterioration  due  the  pulse  shortening  becomes  less 
important  as  the  energy  increases  and  other 
contributors  to  the  resolution  become  dominant. 

The  effect  of  random  pulse  pile-up  also  was  evaluated 
by  measuring  the  number  of  "background*  counts  in 
the  high  energy  region.  Since  the  real  background  is 
very  low  at  this  energy  (only  due  to  cosmic  rays), 
almost  all  of  the  observed  counts  are  due  to  pile-up. 
Fig.  6  shows  the  relative  effect  of  pile-up  as  a 
ftmction  of  the  total  count  rate  using  a  100  ns  delay 
line  for  pulse  shaping,  with  and  without  pile-up 
rejection.  The  pile-up  rejector  incorporated  in  the 
processor  has  reduced  the  number  of  pile-up 
background  more  than  a  factor  of  three,  while  losing 
less  than  10%  of  the  valid  counts.  Fig.  7  shows  the 
net  number  of  counts  under  a  high  energy  peak  of 
interest  (signal)  to  background  ratio  for  different 
delay  line  clipping  times.  It  can  be  observed  that  the 
signid  to  background  ratio  when  the  pile-up  rejector 
was  enabled  is  almost  constant  for  different  delay  line 
clipping  times,  from  SO  ns  to  200  ns.  This  indicated 
that  the  pile-up  rejector  was  more  effective  when  the 
pulse  was  differentiated  with  longer  delay  lines.  This 
is  reasonable  since  the  noise  amplitude  varies 
inversely  with  the  shaping  time.  When  short  shaping 
times  are  used,  to  avoid  excessive  noise  triggering, 
the  baseline  inspector  threshold  level  must  be  raised, 
so  pile-up  of  low  amplitude  pulses  is  not  sensed  as 
efficiently  by  the  inspection  channel. 

Fig.  8  shows  a  spectrum  of  the  10.8  MeV  neutron 
capture  gamma  ray  of  nitrogen,  collected  from  a 
melamine  sanqile  irradiated  by  thermal  neutrons, 
obtained  by  moderating  the  output  of  a  Kaman  A711 
neutron  generator.  The  total  average  count  rate  from 
the  detector  was  300,000  cps.  For  comparison,  a 
low  count  rate  measurement  is  shown  in  the  same 
figure.  The  ASP  functions  efficiently  in  count-rates 
of  range  500,000  to  close  to  1,000,000  cps, 
depending  on  the  shape  of  the  measured  spectrum. 


5.  EXPERIENCE 

Since  the  origirul  development  of  the  ASP  [7], 
modifications  were  made  and  procedures  developed 
to  expedite  set-up  and  adjustment  on  a  production 
basis.  With  the  inqiroved  set-up  procedure,  pile-up 
rejection  reduces  the  background  by  30-50%  with 
losses  of  signal  less  than  5%. 

240  units  have  bemi  built  and  used  in  TNA  sy-stems 
over  a  2.5  year  period.  A  total  of  2.1  million  ASP 
hours  experience  have  beoi  accumulated,  over  a  total 
of  six  T^A  systen^-years.  During  this  time,  two 
ASP  failures  occurr^,  both  during  the  first  two 
system-years.  The  ASP  mean  time  between  failure 
(MTBF)  is  thus  about  one  million  hours. 

6.  CONCLUSION 

The  ASP  was  developed  to  address  the  nuclear 
spectroscopy  problems  that  typically  occur  in  nuclear- 
based  explosive  detection  systems.  Using  it,  the 
TNA  met  its  design  qMcifications,  and  operating 
experience  with  hundreds  of  units  over  several  years 
has  been  good,  with  very  few  failures. 
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1.  INTRODUCTION 

In  the  design  of  nuclear  based  explosive  detection 
systems  (EDS)  optimization  techniques  play  an 
important  role.  These  assist  in  the  design  of  a  system 
with  ipaximum  performance  at  a  minimum  cost,  size 
and  weight. 

A  complete  and  validated  model  is  required  to 
efficiently  probe  the  large  parameter  space  of  possible 
EDS  designs,  and  to  quantify  the  ultimate  explosive 
discrimination  performance  for  changes  in  system 
parameters.  Hie  objective  of  such  a  model  is  to 
calculate  a  large  number  of  design  tradeoffs  and  to 
quantify  the  impact  on  performance  of  each  design 
configuration  without  the  need  for  a  full  experimental 
verification.  This  considerably  reduces  the  extent  and 
cost  of  the  design,  and  makes  possible  the  production 
of  a  highly  optimized  explosive  detection  system. 

For  nuclear  systems  based  on  neutrons  as  the  probing 
radiation,  the  neutron  flux  in  the  interrogation  area 
should  be  optimized  to  yield  a  maximum  figure  of 
merit  (FOM).  The  selection  of  detector  type,  size, 
location  and  other  parameters  should  also  be  modeled 
and  optimized  to  improve  the  imaging  capabilities, 
and  ultimately  the  overall  system  performance. 

In  this  paper,  the  tools  and  procedures  employed  by 
SAIC  for  optimizing  its  EDS  based  on  neutron 
irradiation  (TNA  and  PFNA)  are  presented. 

2.  THERMAL  NEUTRON  ANALYSIS  (TNA) 

For  TNA  applications,  the  luggage  moves  on  a 
conveyor  into  the  interrogation  region  containing  a 
high  thermal  neutron  flux.  The  neutrons  penetnte 
the  bag  where  some  of  the  nuclei  present  absorb  them 
and  emit  gamma^rays.  Every  element  has  a 
characteristic  gamma  ray  signature,  and  by 
monitoring  the  emitted  gamma  ray  spectrum  the 


content  of  a  bag  can  be  determined.  The  explosive 
detection  system  searches  mainly  for  nitrogen  by 
detecting  its  characteristic  10.82  MeV  ganuna-  rays. 
The  determination  of  an  object  with  Ugh  nitrogen 
density  would  indicate  the  presence  of  explosives. 

A  similar  technique  is  utilized  to  detect  land  mines. 
In  ibis  application  a  vehicle  equipped  with  a  TNA 
system  runs  on  a  land  mine  field.  The  detection  of 
an  increased  nitrogen  signal  (and  other  features) 
indicate  the  presence  of  a  mine. 

In  both  applications,  the  thermal  neutrons  are 
generated  by  the  slowing  down  of  “^Cf  source 
neutrons  or  those  produced  by  d-D  or  d>Be  reactions. 
An  important  goal  of  the  simulation  effort  is  to 
design  the  moderator  assembly  to  provide  a  maximum 
thermal  neutron  flux  in  the  interrogation  area. 

There  is  a  variety  of  codes  available  which  can  be 
utilized  for  these  optimizations  (see  Table  I).  The 
MORSE  code  has  l^n  used  extensively  to  simulate 
the  thermal  neutron  flux  and  lately  DORT  and 
TORT.  The  results  of  the  calculations  have  been 
verified  against  expenroents  obtaining  an  agreement 
within  15%. 

TABLE  1 

Codes  utilized  to  simulate  the  transport  of  neutrons 
and  gamma  rays  at  SAIC  •  Santa  Clara 

-  ANISN  :  ID  discrete  ordinate 

<  DORT.TORT  :  2D  and  3D  discrete  ordinate 

-  MORSE  :  Oak  Ridge  Monte  Carlo  Code 

*  MCNP  :  Los  Alamo.x  Monte  Carlo  Code 

•  SWAN  ;  ID  optimization  code. 

In  Figure  I  MORSE  calculations  are  shown  for 
various  moderator  configurations.  The  simulations 
albw  selection  of  configuration  A  to  obtain  a 


maximum  yieiU  without  the  need  of  lengthy  and 
costly  experimentation.  This  type  ot  calculations 
also  allows  determination  of  the  effect  of  suitcase 
density  and  the  effect  of  the  explosives  in  a  TNA 
cavity.  In  Figure  2  the  neutron  flux  is  shown  for 
three  suitcase-s  with  cellulose  densities  of  0. 1 , 0.2  and 
0.3  g/cc.  The  thermal  flux  increases  with  suitcase 
density.  Figure  3  shows  the  thermal  flux  when  C4 
and  TNT  explosives  are  positioned  in  the  center  of 
the  suitcase  for  various  densities.  Observe  that  the 
flux  is  depressed  in  both  cases,  with  C4  having  a 
larger  effect.  This  is  attributed  to  a  larger  hydrogen 
weight  fraction  of  C4  (3.2%)  compared  with  TNT 
(1.8%). 

This  optimization  proces.s  is  very  important  to  ensure 
a  minimum  source  strength  and  therefore  a  smaller, 
lighter  and  cost  effective  EDS. 

One  of  the  most  efficient  ways  to  calculate  shielding 
and  deep  penetration  problems  is  by  utilizing  the- 
solution  of  the  linear  version  of  the  deterministic 
transport  equation  (discrete  ordinate  code.s).  Before 
accepting  these  codes  for  optimization  we  need  to 
have  confidence  that  the  code  will  solve  the  required 
types  of  problems  with  sufficient  accura-'y.  Few 
benchmark  cases  were  calculated.  In  the  first  series 
of  calculations  the  energy  dependent  neutron  flux  in 
a  DjO  sphere  with  a  Cf  source  at  the  center  was 
determined.  The  results  of  ANISN,  MORSE  and 
MCNP  are  shown  in  Figure  4;  there  is  a  very  good 
agreement  at  all  energies.  In  order  to  verify  the 
DORT  code,  a  finite  cylindrical  polyethylene  block 
with  a  point  Cf  source  was  run  (see  Figure  5),  The 
results  are  compared  with  MCNP  in  Figure  6.  There 
is  a  good  agreement  with  differences  of  about  10%, 
mainly  attributed  to  the  different  cross  section 
librarie.s.  It  is  important  to  note  that  MCNP  took  130 
minutes  to  complete  the  calculation,  with  a  2-3% 
statistical  error,  while  it  took  DORT  8  minutes  to 
obtain  similar  results. 

In  addition  to  the  neutron  flux,  detector  responses 
were  also  modeled.  EGS4  (Electron  Qamnu 
Shower)  was  utilized  to  generate  the  detector 
response  for  a  variety  of  detector  types  and  sizes,  in 
the  presence  of  various  shielding  materials.  In 
Figure  7  the  detector  responses  are  compared  for 
three  detector  types  ;  Nal(TI),  BaPj  and  BOO  at 
10.82  MeV. 

Another  important  issue  is  the  detector  shielding.  A 
large  number  of  neutrons  and  gamma-rays  originating 
at  the  source  and  aattered  by  the  surrounding 


materials  interact  with  the  detectors.  An  optimization 
code,  SWAN,  has  been  utilized  to  reduce  this 
background  while  keeping  the  amount  of  shielding 
and  signal  loss  to  a  minimum.  In  Figure  8  the  results 
of  an  optimization  to  reduce  the  number  of  gamma- 
rays  arrixing  and  induced  in  the  detector  for  a  Cf 
system  is  shown.  Figure  8  gi\  cs  the  optimal  volume 
fraction  as  a  function  of  thickness.  Unfortunately  the 
SWAN  code  can  only  be  used  for  simple  case.s 
where  the  configuration  can  be  approximated  by  a 
one  dimensional  geometry.  Implementation  of 
SWAN  in  2D  and  3D  would  allow  a  fast  and  cost 
effective  optimization  of  shielding,  flux 
maximization,  etc.  for  complex  geometries. ' 

The  10.82  MeV  gamma-ray  is  the  highest  energy 
produced  by  any  element  following  thermal  neutron 
capture.  Except  for  a  few  gamma-rays  interfering 
with  the  nitrogen  region,  the  main  source  of  high 
energy  background  is  tlie  pileup.  Pileup  is  produced 
when  two  or  moie  events  overlap  in  time  with 
combined  energy  falling  in  a  higher  energy  region. 
The  reduction  of  total  count  rate  revsults  in  a  reduction 
of  pileup.  This  effect  has  been  modeled  for  arbitrary 
gamma  ray  spectra,  pulse  shape  and  counting  rate. 

In  order  to  perform  a  systematic  analysis  and  design 
tradeoffs  in  the  large  parametric  space  of  TNA 
design,  a  computer  code,  TNASIM,  has  been  written 
and  implemented.  TNASIM  includes  an  extensive 
knowleilge  of  neutron  fluxes,  detector  response, 
backgrounds,  gamma  and  X-ray  imaging, 
discriminant  analysis  and/or  neural  network  decision 
process.  This  code  is  a  front-end  TNA  simulator  that 
models  from  the  generation  of  realistic  luggage  sets, 
the  passage  of  individual  bag.s  through  the  TNA  and 
X-ray  environments.  TNASIM  was  developed  by 
SAIC  to  the  following  specifications:  (1)  fast,  in 
order  to  generate  large  data  sets;  (2)  parametric  and 
modular,  in  order  to  understand,  modify  and 
calibrate;  (3)  modifiable,  through  input  files,  to 
represent  all  hardware  modifications;  and  (4) 
verifiable,  by  producing  simulated  data  that  is 
statistically  similar  to  observed  data.  With  FAA 
support,  TNASIM  has  been  further  calibrated  and 
tested,  and  is  being  used  to  upgrade  the  existing  TNA 
system. 

3.  PULSED  FAST  NEUTRON  ANALYSIS 
(PFNA) 

FNA  techniques  utilize  fast  neutrons  as  the  radiation 
probe.  The  neutrons  interact  with  various  materials 
and  produce  gamma-rays  characteristic  to  the  element 


being  irradiated.  In  particular,  the  signatures  of 
oxygen,  carbon  and  nitrogen  are  of  special  interest 
since  explosives  can  be  distinguished  from  benign 
materials  by  the  high  oxygen  and  nitrogen  and  low 
carbon  densities. 

Compared  to  TNA,  PFNA  is  a  more  powerful,  but 
more  complex  technique.  A  large  set  of  new 
parameters  to  be  simulated  are  required:  more 
elemental  signatures,  neutron  attenuation,  neutron  and 
gamma  ray  timing,  etc.  Since,  the  position  resolution 
is  obtained  v-ithTOF  (time-of-flight)  techniques,  time 
dependent  simulation  crxles  are  required.  The 
standard  time  dependent  coupled  neutron-gamma  ray 
code  'ised  far  this  purpose  is  MCNP  (Monte  Carlo 
Neutron  Gamma).  MCNP  includes  nuclear  libraries 
which  contain  the  compilations  of  the  most  important 
experimental  results. 

DORT  has  been  also  utilized  to  study  the  transport  of 
fast  neutrons  and  gamma  rays.  The  neutron 
collimator  shown  in  Figure  9  was  modeled  and  the 
results  are  compared  in  Figure  10  with  experiments. 
There  is  good  agreement  within  the  experimental 
errors. 

In  order  to  cany  out  tradeoff  studies  and  performance 
predictions,  large  numbers  of  signal  sets  resulting 
from  the  irradiation  of  a  variety  of  target  materials 
and  configurations  are  required.  Although  MCNP  is 
accurate,  it  is  relatively  slow  for  the  amount  of  data 
that  should  be  generated.  SAIC  has  developed  a 
computer  code,  PFNASIM,  which  produces 
approximate  results  in  shorter  times  and  allows  the 
performance  of  design  trades.  PFNASIM  is  a  result 
of  hundreds  of  man  hours  of  development  and 
contains  the  most  important  effects  taking  place 
during  a  pulsed  fast  neutron  irradiation  in  an  arbitiary 
geometry.  These  include: 

1.  Angular  and  energy  distribution  of  the 
generated  neutrons.  These  were  taken  from 
Nuclear  Data  Sheets, 

2.  Energy  dependent  cro.ss  sections  for  (n.n'y) 
reactions  for  the  elements  of  interest.  Mo.st 
cross  sections  were  taken  from  ENDF-V  and 
ENDF-VI  evaluations. 

3.  Angular  distributions  of  neutron  and  gamma- 

rays.  Angular  distributions  of  neutrons  were 
obtained  by  running  MCNP.  Angular 

distributions  for  gamma-rays  were  determined 
experimentally.  For  some  transitions  there  are 


no  evaluations  and  for  other  the  evaluations 
show  major  discrepancies  with  the  experimental 
results. 

4.  Energy  dependent  neutron  and  gamma  ray 
attenuations.  The  neutron  attenuation  and 
buildup  have  been  parameterized  for  a  variety 
of  materials  using  MCNP.  The  gamma  ray 
attenuation  were  taken  from  Nuclear  Sata 
Rabies. 

5.  Detector  responses  as  a  function  of  energy, 
angle  and  distance  from  gamma  ray  source. 
The  detector  response  was  obtained  by  running 
EGS4.  It  includes  the  effect  of  shielding 
materials  and  attenuation  throagh  neighboring 
detectors. 

6.  Detector  response  to  fast  neutrons.  The 
response  to  neutrons  was  determined 
experimentally.  Simulations  were  not  carried 
out  because  of  the  lack  of  (n,n'y)  cross  sections 
for  the  detector  materials.  Partial  data  can  be 
found  in  the  literature. 

PFNASIM  has  been  utilized  to  optimize  the  neutron 
source  and  detector  locations,  and  other  parameters 
required  for  the  design  of  an  explosive  detection 
system.  Under  FAA  support,  a  variation  of  the 
PFNASIM  code  will  be  utilized  to  simulate  the 
passage  of  realistic  luggage  sets  in  a  PFNA  based 
system. 

4.  SUMMARY 

Performance  optimization  can  only  be  obtained 
through  a  systematic  engineering  and  design  approach 
using  coordinated  experimental  measurements,  data 
analysis  and  modeling  efforts.  TNASIM  ^nd 
PFNASIM  codes,  developed  at  SAIC,  are  the  key  to 
performing  design  trades,  developing  accurate 
decision  algorithms  and  projecting  the  performance  of 
TNA  and  PFNA  based  systems.  Their  utilization 
ensures  the  designing  of  a  well  balanced  optimized 
and  cost  effective  explosive  detection  system. 
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1.  INTRODUCTION 

RecogoHiun  of  partially  occluded  nhjects  has  been  an 
important  issue  in  the  fields  of  industrial  automation 
and  military  application,  because  occlmiun  cau.st's 
significant  problems  in  identifying  and  locating  an 
object  in  the  work.space  of  the  robot,  baggage 
inspection  in  airport,  etc..  Occlusion  occurs  when  two 
or  more  objects  in  a  given  image  touch  or  overlap  one 
another.  In  such  situations  vision  techniques  using 
global  features  to  identify  und  locate  an  object  may  fait 
because  descriptors  of  part  of  a  shape  may  not  have 
auy  rcMablance  with  the  d<^!sori|ttori  of  the  entire 
sh^.  local>featurt:>bam)d  methods  have  been 
de^^oped  in  an  effort  to  solve  the  occlusion  prr'blcm 
instead  of  a  global  d«^}itor,  (t-4).  More  retiabie 
features  are  needed  to  recognize  occluded  otjecis  since 
false  features  in  addition  to  fcaiurcs  of  occUukd  parts 
accelerate  mismatching  of  ot^ects.  A  polygonal 
approximanon  method,  (S^d],  which  has  been  widely 
us^,  may  not  provide  ndial^  features  becatuie  it  may 
not  prod^  unique  break  poinLs  which  ere  necemary 
for  reliable  matching.  Researchers,  therefore,  are 
burdened  to  compensate  for  phantom  segments  as  well 
a.s  an  occlusion  probtem.  In  this  paper,  die  unique 
bouedary  segmenution  is  obtair^  by  usirqt  a 
conrtrained  regularizaiioa  technique,  (91.  As  the  result 
of  the  unique  segmeouiion,  a  graph  nutching 
technique  (7-8)  based  on  neural  will  be 

presented. 

Hie  inherent  {wndNistti  of  Neural  Netu-orks  atlowit 
rapid  pumtii  of  many  hjqio(heM«  «n  ftsialidl  a-iih  high 
compuiafinn  rale.  Monrover.  limy  provide  a  great 
degree  of  or  fault  toleranee  rranparaiive  to 

converaionol  computers  becauw  of  the  many  proctssing 


nodes,  each  nt  which  is  rcspon-sible  for  a  small  portion 
of  ttie  ta,<ik.  Danuigcs  to  a  few  nodes  or  links  thus  do 
not  impair  overall  performance  signiEcantly.  For  this 
rea$(Hi,  HopEeld  style  neural  network  is  proposed  to 
solve  graph  matching  problems  for  partially  occluded 
objects.  Hopfield  neural  network  has  been  used  for 
solving  NP-complete  optimization  problems  and  has 
been  applied  to  pattern  recognition  area,  which  cui  be 
cast  into  a  combinatorial  ot'Unuzation  proble»)»(  Kk'l  1]. 
Souie  rcseareheis  apply  Conlinuouji  Hopfield  Network 
to  tbree-dimensieoiil  object  nutching  problem.  (12). 
However,  (‘HN  lakes  much  compuiaiionat  time  to 
siinulattog  a  differential  equation  while  it  provides  good 
solutions.  Discrete  type  Hopfield  Network  has  been 
used  for  the  two^imensionat  olqects  matchtog 
problenui,  (13).  However.  DHN  is  an  appmsimiiton 
nkthod  and  givm  oedy  rouj^  soluiioos  resulltog  to 
fflistnalchtog  on  occasions,  to  this  paper.  Hybrid 
Hopfield  Neural  Network,  which  has  the  advantage  of 
taub  CHN  and  DHN  is  profioscd  to  <ihiato  reliable 
solutiomt  and  reduce  compuiaiionat  time.  Unlike  the 
traveling  satcMnan  problem  implemented  by  Hopfield 
Neural  Nc'  ^mk,  the  matching  problem  is  handled  by 
normalizing  features  made  by  a  toztiy  function  which 
gives  distinguishable  values  to  a  connectivity  matrix. 
HHN  to  dericed  from  ertiimttog  behavior  of  neurons  as 
time  evolves  IumhI  on  the  disttogutohaMe  value  of  a 
connectivity  matrix.  Hie  metfKid  i.:ducGS  the  amouni 
of  .simulation  lioui  and  provUics  the  tieiler  soluiion< 
than  CH.V  does. 


2.  H.ATUKfc  EXTUAnilbN  AND  fikAPlI  kX)«- 
MATION 

to  boundary  based  appnuHh,  p-Hei*'  utr 


important  since  the  information  of  the  shape  is 
concentrated  at  the  points  having  high  curvatures.  We 
use  these  kinds  of  features  such  as  a  local  feature  of  an 
angle  between  neighboring  comers  and  relational 
features  of  distances  from  all  the  other  comers.  These 
two  features  which  are  invariant  under  transnational 
and  rotational  changes  are  used  for  the  robust 
description  of  shape  of  the  boundary.  Comer  points 
are  usually  detected  in  a  curvature  function  space  by 
capturing  the  points  whose  curvature  values  are  above 
a  certain  thre^ld  value.  We  developed  a  new  comer 
detection  algorithm  which  provide  reliable  and 
invariant  comers  for  a  matching  procedure  in  the  early 
study,  (9].  A  graph  is  constructed  for  a  model  object 
using  comer  points  as  nodes  of  graph.  Eachruxtehu 
a  local  feature  as  well  as  relational  features  with  other 
nodes.  In  the  matching  processing,  a  similar  graph  is 
constructed  for  the  input  image  which  may  consist  of 
one  or  several  overlai^ied  objects.  Each  model  graph 
is  then  matched  agaii^  the  input  image  graph  to  find 
the  best  matching  subgraph. 

3.  MATCHING  BASED  UPON  HYBRID  HOP- 
FIELD  NEURAL  NETWORK 

3.1  IXimtc  HopncM  Nttworlti  (DHN) 

DHN  is  a  original  model  of  Hopfield  style  neunU 
network  and  bu  a  merit  that  it  is  simple  to  implement 
and  it  is  fast.  A  two  dimentiooal  array  ia  constructed 
to  spply  mstching  prohlmn  to  neural  network.  The 
adusmt  of  the  array  label  the  nodes  of  an  ol^ 
model,  and  the  rows  indicate  dw  nodee  of  an  ij^ 
object.  Therefore,  the  state  of  each  neuron  represtmis 
the  measure  of  match  between  two  nodee,  one  from 
each  graph.  Matching  proceu  can  be  characierited  as 
minimiang  the  (blkw^  energy  fiinction; 

g.  A  ECU •  ^nn:  w, 

2  tiM 

where  is  a  hmaiy  variable  which  converges  to  1.0 
if  the  ith  node  ia  the  input  itnsge  tuafehes  the  bh  imde 
in  the  otyoci  model;  otherwise,  it  ronverges  to  0.  The 
first  term  in  (I)  is  a  con^ibility  constraint.  Local 
and  relational  features  which  have  differeol  measures 
are  oormaJined  to  give  tolerance  for  ambiguity  of  the 
features,  the  Iasi  two  terms  are  included  for  enforcing 
the  uniqueness  constraint  so  that  each  node  ia  the 
object  model  eventually  matches  only  one  node  in  the 


input  image  and  the  aurmnation  of  the  outputs  of  the 
neurons  in  each  row  or  column  is  no  more  than  1. 
Some  papers  concerning  a  matching  problem  with 
Hcqrfield  style  Neural  Net  have  used  as  a 

uniqueness  ermstraint.  This  teim  implies  global 
reatriction.  However,  matching  of  occluded  objects  will 
not  guarantee  that  every  row  or  every  column  has  only 
one  active  neuron.  Iherefoie  the  energy  function  of 
the  occluded  matching  problem  excludes  the  global 
reatiictioo  conditioo  film  Eq.(l).  In  a  traveling 
aeleaman  problem,  coefficients  B,,  Bj  are  more 
emphasized  than  die  coefficient  A  because  Bj,  Bj 
oontfibule  yielding  valid  solutions.  However,  in  the 
mstching  of  occluded  oigects  conditions  of  valid 
■olulions  are  indefinite,  ha  addidoo,  is  normalized 
by  a  fiizqr  fuaetka  so  dial  it  helps  us  obtain  good 
solution.  Therefore  the  coefficients  is  supposed  to  be 
more  emphasiaid  ia  the  metching  problem.  Eq.(l)caa 
be  cstt  iato  a  Hopfield  style  energy  fua^oa  u 
follows: 

g  •  <4  cox  TgMft  •  IX  (2) 


*aa  *  ■  Mu  *  1  ^ 

whorel^  *I  wImdi  •  j,  odwiwiiel^  •  0.  Hopfield 
proved  that  the  eaergy  fuacdoe  ia  a  Uapeov  fiiactioa. 
Thus  the  eaergy  fuactioo  MBvergat  to  a  local  adaimum 
•a  the  itatae  of  aeufoea  coevorgea  to  stabie  stataa,  (13]. 

yz  Mbppl«DHNtoHRN 

DHN  gives  aa  approximaia  eoltdioa  of  the  proMem  so 
some  aeuroaa  might  have  uaaxpeciad  final  st^ile  iiatat, 
which  may  cause  mjemaiching  of  the  objects.  On  the 
other  band,  CHN  givee  a  Bear  optimal  adutioa  tiacc  it 
seeks  a  aolutioe  ia  a  coatiauout  domaia.  HHN 
oonddaes  the  above  two  typei  of  Hopfield  Nmtnl 
Neiwotk  .  Ttepriactpel  concept  of  HHN  ia  that  output 
of  DHN  ia  used  aa  iflfMl  of  CHN  tiace  the 
oonfiguiaiioa  of  ontyut  of  DHN  is  very  dote  to  stable 
states  of  dedredoui^  of  CHN.  After  runaiity  DHN, 
the  output  is  idjusted  by  aa  aaalyzmg  procedure  baaed 
tqxm  CHN  theory.  Ia  feci,  edjusitag  aeuroas  it 
accomplished  without  ttefationa  so  ihsi  funning  time  of 
HHN  it  u  fast  at  that  of  DHN.  Tbit- method  is 
(lifTerent  from  the  assumption  of  Wei's  method,  wiiicii 
ate  constratai  Si*  valid  for  milia]  states,  since 

orxiuded  objects  can  lose  a  lot  of  segments  of  the 
original,  (12].  Ixt  ua  consider  the  adjusting  procedure 
b^inning  with  CHN.  Matching  proem  of  CHN  can 


be  characterized  by  the  same  energy  function  as  that  of 
DHN.  Only  the  integral  term  is  added  to  the  energy 
function  as  follows : 

>  » 


This  term  comes  from  the  point  of  view  that  u,  will  lag 
because  of  existence  of  capacitance  in  an  analog 
electrical  circuit  .  Thus,  there  is  a  resistance- 
capacitance  charging  equation,  called  the  equation  of 
motion  that  determines  the  rate  of  change  of  [14], 
It  is  the  first  order  differential  equation.  As  explained 
In  the  previous  section,  simulation  of  the  differential 
equation  requires  a  lot  of  computations,  we  solve  the 
equatiou  of  the  motion  in  a  small  interval  to  reduce 
computational  time  caused  by  the  equation  of  the 
motion.  The  equation  of  the  motion  is  as  follows  : 

(4) 


First,  a  sigmoid  function  is  linearly  modeled  in  HHN: 

S(u^  -au,  *  b  (5) 

where  r  <  ui  <  t*  otherwise  g(Uj)=0.  Therefore,  a 
modified  motion  equation  is  as  follows: 

du,  _  (6) 


In  a  small  interval,  (/  can  be  considered  as 
a  constant  in  synchronous  /  asynchronous  neural 
system,  so  the  behavior  of  the  input  state  Uf  m  eq.(8) 
is: 

a/t)  ♦  r,  (7) 


..where  K,  =  (  b  +  ETijVj  +1, )  /  (1  -  aTy )  and  K,  = 

■  ■  (  1  -  aTy  ).  As  shown  in  Eq.(7),  Uiy(t)  is  decreasing 
expohentjaliv  with  small  change  of  time  A;.  Deciding 
the  lange  of  A/  with  constant  EE TyVy  depends  on  initial 
.  states,  mtcract'ons  of  uitstable  sutes,  which  causes 
fluctuation  of  the  change  AE  in  the  function  E.  In  our 
.algorithm,  almost  all  of  the  initial  states  of  neurons  Uyy 
are  close  to  stable  states  aud  only  few  neurons  would 
be '  unstable.  It  is  therefore  possible  that  one  can 
estimate  future  behavior  of  each  neuron  from  Eq.(7). 
For  example,  if  is  greater  than  K,,  will 
monotonically  decrease,  so  input  of  the  ikth  neuron  will 


close  to  fCj;  Input  state  get  closer  to  as  the  transiei 
part  is  exponentially  decreasing.  K,  is  not  a  constai 
but  time-varying  behavior  of  inputs  of  a  neuron  as  tim 
evolves.  Suppose  that  M  is  the  number  of  columns  an 
N  is  the  number  of  rows  in  a  neural  structure.  W 
might  have  mismatched  neurons  as  initial  states  o 
CHN.  Let  active  neurons  in  initial  state  be  N'  +  « 
where  N'  is  the  number  of  exactly  matched  neurons  ani 
e  is  the  number  of  mismatched  neurons  at  the  fina 
stage  of  DHN,  then  the  number  of  inactive  neurons  i 
NxM-{N'+€),  Let  us  assume  that  7],  is  a  (  a  >  0 
for  the  positive  support  and  -a  for  the  negative  supjx)r 
for  simplification.  Now  K,{!j  is  calculated  and  the  fina 
output  of  each  neuron  can  be  analyzed  and  predicted  a 
follows : 

(1)  For  the  neuron  to  be  unmatched 

i:r,v^  +  /,  +  /.» -<>(?/  + «;+/,  +  b  (8) 

ETfVj  +  li  -h  b  -aN  +  I,  +  b 
V^^$igmoid(Uj^’*iiSmoui(K,(i^)'*n]imoid(K,(tJ), 

-a(H  +  t)  +/,  +  b  <  f 


(2)  For  the  neuron  to  be  matched 

K,(tJ  «  ZT,V,  •♦•  /,  +  6  -  aflV  -  d  +;,  +  6  (9) 

K,(i^  “  ZT,y,  +/,  +  i-  a/V  +  /,  +  J» 

=‘iigmotil(K,(tJ), 

ifK,(iJm  a(f/  ■<>+/,  +  *>  I* 


As  indicated  in  Eq.(8),  (9),  a  final  output  state  of  » 
neuron  can  be  predicted  by  an  initial  output  state 
because  value  of  K,fta}  between  a  matched  neuron  and 
an  unmatched  neuron  are  distinguishable.  For  a  neuron 
to  be  unmatched,  K,(to)  is  always  negative  support 
because  -afN'+e)  <  <  -1  and  /,+h  is  not  more  than 
1  (b  is  set  to  0.5).  The  restriction  therefore  is  always 
satisfied.  For  a  neuron  to  bo  matched,  if  ( is  less  than 
N'  '  l/a(f  -  Ij  -  b),  then  it  makes  the  matched  neuron 
active,  otherwise  mismatching  occurs.  This  condition 
requires  that  DHN  give  tui  npproxiinute  solution  u.s  an 
imtial  states  of  neurons.  If  violation  of  the  restriction 
for  the  neuron  to  be  matched  occurs,  all  neuims  to  be 
matched  will  be  inactive  so  that  one  can  find  the 
•  •vocedure  goes  to  wrong  way  and  can  correct  the 
situation  by  beginning  again  at  the  first  stage  of  the 
algorithm.  After  running  DHN,  KiftJ  is  calculated 
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with  output  state  of  DHN  and  final  output  state  of 
HHN  is  directly  obtained  from 

Few  neurons  might  have  similar  local  features  which 
have  a  fuzzy  function  to  make  a  false  decision  because 
of  robustness  of  features  and  tolerable  threshold  levels 
of  a  fuzzy  function.  Wh«i  the  neurons  have 
correspondences  of  relational  features  of  some  neurons 
to  be  matched,  the  neurons  remain  unstable  or  cause 
mismatching  in  DHN.  Once  obtaining  output  stable 
states  of  neurons  of  DHN,  we  can  more  emphasize 
relational  features  to  adjust  the  states  of  the  neurons 
because  those  are  related  to  both  a  distance  and  order 
of  all  positions  of  active  neurons.  It  therefore  gives 
more  confidence  to  the  theory  of  HHN  and  can  even 
improve  the  performance  of  CHN. 

4.  EXPERIMENTAL  RESULTS 

HHN  gives  exact  matching  results  between  a  model 
object  and  an  input  image.  Matched  nodes  have 
corresponding  active  neurons.  Several  images  are 
generated  for  two  different  purposes  of  experiments. 
Experiments  are  conducted  by  increasing  the  number  of 
occluded  segments  of  an  input  image  to  see  the  bound 
of  matching  score  while  a  model  object  is  identified. 
Our  algorithm  shows  that  a  model  object  is  identified 
from  a  heavily  occluded  object  (for  example,  more  than 
half  of  segments  are  lost).  The  other  experiments  are 
conducted  by  using  many  kinds  of  model  objects  end 
input  inuges  to  see  performance  of  the  algorithm. 
Performance  of  DHN,  CHN,  HHN  is  compared.  As 
shown  in  Table-1,  results  of  DHN  have  many 
mismatched  segments  which  might  result  in  fault 
deci.sion8.  On  the  other  hand,  HHN  gives  almost 
perfect  matching  in  the  experiments.  CHN  produced 
good  results  as  HHN  did,  but  running  time  of  CHN 
which  used  the  Runge-Kutta  method  to  simulate  the 
equation  of  motion,  was  ftve  times  as  much  as  that  of 
HHN.  Coefficients  of  energy  function  in  Eq.(l)  A,  B,, 
Bi  are  chosen  as  I.O,  0.5,  O.S.  External  bias  I|  is  set 
to  O.S.  The  results  of  HHN  are  shown  in  Figures  1  to 
4.  Model  objects  shown  in  the  riguro.s  are  a  handgun, 
a  hammer  and  a  couple  of  pliers.  Expcriinent-l  and 
Experiment-?,  shows  that  all  nodes  are  preserved.  Only 
one  nodes  is  lo.st  in  Exporiment-3.  In  the  Experimont- 
4,  even  if  almost  half  segments  are  lo.Ht,  the  results  of 
HHN  shows  the  robustness  of  the  algorithm.  All  the 
figures  show  perfect  matching. 


5.  DISCUSSION 

A  method  for  recogniziog  occluded  objects  based  on 
neural  network  approach  has  been  presented.  Features 
such  as  angle  and  distance  which  are  invariant  under  a 
rotational  and  translational  changes  are  used  for  the 
robust  description  of  the  shape.  Experimental  results 
show  that  HHN  gives  a  reliable  matching  of  the 
corresponding  segments  between  two  objects.  The 
method  eliminates  possibility  of  matching  for  a  part  of 
an  object  to  be  matched  to  similar  segments  in  a 
different  object  by  finally  adjusting  states  of  neurons. 
We  conclude  that  HHN  is  a  robust  approach  to  solve 
the  two-dimrasional  occlusion  problems. 
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Table  1.  Comparison  of  Results 


Type  Experiment 

Experiment 

#1 

DHN 

Experiment 

#2 

Experiment 

#3 

Experiment 

#4 

Experiment 

#1 

HHN 

Experiment 

Experiment 

#3 

Experiment 

#4 

#  of  desired 

#of 

#of 

#of 

Matched 

Matched 

Unmatched 

Mismatched 

Neurons 

Neurons 

Neurons 

Neurons 
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so  too  tso  200 

Fig.  Ic.  Matched  Nodes  of  a  Model  Object 


250  '00  ISO  20C 

Fig.  Id.  Matched  Nodes  is  in  Input  Object 


Fig.  1:  Espenmeot  •  1  (a  Handgun  and  a  Flier) 
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50  100  150  200  250  50  100  150  200  250 

Fig.  3c.  Mtlchr  '  tdes  of  ft  Model  Object  F‘g-  3d.  Mfttehed  Nodes  in  en  Input  Object 

Fig.  3:  Experinsent  -  3  (ft  Hftndgun  and  a  Haouner) 
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so  100  150  200  250  SO  100  150  200  250 

Fig.  4c.  Matched  Nodes  of  a  Model  Object  Fig.  4d.  Match  Nodes  is  an  Input  Object 

Fig.  4;  Experiment  •  4  (a  Hammer  and  a  Handgun) 
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1.  INTRODUCTION 

One  of  the  most  important  tasks  of  an  image  analysis 
system  for  contraband  detection  using  X-ray  images 
is  to  separate  objects  or  regions  of  interest  from  their 
background  or  other  objects  in  the  image.  The 
segmentation  problem  can  be  stated  as  follows:  Given 
an  X-ray  baggage  image  and  some  limited  a-priori 
knowledge  about  the  image  characteristics  of  a 
contraband  item,  we  want  to  label  all  pixels  in  the 
image  into  two  classes:  one  class  has  similar  image 
characteristics  of  the  contraband  and  the  other  does 
not.  Although  segmentation  of  an  image  can  be  done 
with  many  different  methods,  there  are  three  general 
approaches  to  the  problem:  1)  pixel-based  approach, 
2)  region-based  approach,  and  3)  model-based 
approach. 

Pixel-based  algorithms  segment  an  image  using 
information  such  as  grey  level,  gradient  magnitude  or 
color  of  each  pixel  independently  from  its  neigh¬ 
boring  pixels.  The  pixels’  information  can  then  be 
used  in  a  cumulative  fashion  as  in  histogram 
thresholding  [3]  or  thresholding  based  on  the  degree 
of  membership  of  the  image  pixels  using  fuzzy  set 
concept  [7].  Region-based  approach  takes  into 
consideration  the  information  of  the  neighboring 
pixels  and  their  relations  with  the  examined  pixel.  A 
pixel  is  assigned  to  the  same  region  (class,  cluster, 
etc.)  if  it  has  similar  properties  to  its  neighbors.  One 
method  of  region-based  approach  is  region  growing 
[6].  Using  this  method  the  image  is  first  divided  into 
atomic  regions  of  constant  grey  levels,  then  similar 
adjacent  regions  are  merged  sequentially  until  the 
adjacent  regions  become  sufficiently  different. 
Examples  of  region-based  algorithms  are  the  K-means 
clustering  [12],  the  split-and-merge  [6]  and 
morphological  segmentation  using  watershed 
transform  with  markers  [4J.  Unlike  the  pixel-based 
and  region-based  approaches  that  make  no  assumption 
about  the  image  content  and  its  noise,  the 
model-based  approach  attempts  to  model  both  the 
image  content  and  the  image  noise,  Markov  random 
field  is  often  used  to  model  the  local  properties  and 


dependencies  among  neighboring  pixels  of  regions  in 
an  image  and  Gaussian  noise  is  assumed  as  the  image 
noise  mode  [1,5]. 

Probabilistic  relaxation  labeling  (PRL)  segmentation 
is  an  iterative  algorithm  that  labels  each  pixel  in  an 
image  by  cooperative  use  of  two  information  sources: 
the  probability  that  a  pixel  belongs  to  a  class  and  the 
degree  of  certainty  of  its  probability  supported  by  the 
neighboring  pixels.  PRL  algorithm  can  be  considered 
as  a  hybrid  approach  of  both  region-based  and 
model-based  algorithms  because  of  the  dependency 
of  each  pixel  to  its  neighbors  in  the  labeling  process 
and  the  assumption  that  each  pixel  can  be  assigned  a 
probability  index. 

Details  of  the  PRL  algorithm  are  shown  in  Section  2. 
Practical  implementation  of  the  PRL  segmentation 
algorithm  is  discussed  in  Section  3.  Its  application  to 
X-ray  baggage  images  and  a  comparison  of  the 
results  with  other  metliods  are  presented  in  Section 
4. 

2.  PROBABILISTIC  RELAXATION  LABELING 
SEGMENTATION 

The  idea  of  cooperative  use  of  two  sources  of 
information  in  pixel  classification  through  the 
mechanism  of  probabilistic  relaxation  was  first 
developed  by  Rosenfeld  et  al.  [11].  In  essence  the 
basic  concept  of  the  method  is  to  iteratively  reduce 
local  ambiguities  by  optimizing  a  probabilistic  index 
associated  with  a  pixel  in  classifying  a  pixel  using 
local  contextual  information  of  the  neighboring 
pixels.  The  method,  however,  does  not  guarantee  a 
unique  optimal  solution  but  rather  seeks  a  practical 
suboptimal  .solution. 

The  relaxation  labeling  process  is  defined  as  the 

"best"  assignment  of  a  set  of  pixels  A  =  {a,,  aj . 

Bn}  to  a  set  of  labels  (or  classes)  A  =*  (Xl,  X2,  .... 
XM}  where  N  is  the  total  number  of  pixels  in  the 
image  and  M  is  the  total  number  of  labels  (classes). 
Initially  each  pixel  a,  is  given  a  probability  that  it 
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belongs  to  a  label  X,,  pi(X0.  These  probabilities  must 
satisfy  the  followmg  constraints; 

0<  p|(X)<  1  and  ^  Pi(^l)  »  1 

I-l 

For  each  pair  of  neighboring  pixels  a^,  and  each 
pair  of  labels  X|,  we  assume  that  there  exists  a 
measure  of  compatibility  (compatibility  coefficient) 
that  Sj  €  X^  and  Sj  €  X|.  This  measure  of 
compatibility,  denoted  as  r|j(Xk>  X|)  has  the  following 
properties: 

a)  -1  £  ^  1 

b)  If  the  assignment  of  pixels  a,,  Sj  to  labels  X^,  X| 
is  compatible  then  ry(\,  X^  >  0 

c)  If  the  assignment  of  pixels  a,,  aj  to  labels  X^,  X| 
is  not  compatible  then  ry(\,  XJ  <  0 

d)  If  the  assignment  of  a,  to  X^  and  aj  to  X|  is 
independent  of  each  other  then  r,j(Xk,  X,)  =  0 

The  iterative  update  process  of  the  image  pixels 
incorporates  the  information  of  both  the  pixel’s  initial 
probability  and  the  influence  of  neighboring  pixels 
based  on  the  compatibility  coefficients.  One  heuristic 
update  process  [10,11]  is  given  as  follows 

,  «"»>(> (1) 

i-i 

where 

•  f  If 

J"i  I"! 

m  is  the  iteration  number,  K  is  the  total  number  of 
neighboring  pixels,  Wy  are  the  weighting  coefficients 
for  the  contribution  of  the  neighboring  pixels]  in  the 
labeling  process  to  pixel  i,  and  M  is  the  total  number 
of  labels  (classes). 

The  update  rule  is  simply  a  product  of  both  p,,  the 
pixel  probability  and  qi,  the  degree  of  certainty  of  its 
probability,  supported  by  the  neighboring  pixels. 
Since  the  range  of  ry’s  is  [-1,  1],  1  is  added  to  qj  to 
ensure  that  Pi'”’’'(X)  is  always  in  the  range  of  [0,  1). 
The  denominator  of  the  update  rule,  which  is  a 
normalizing  factor,  ensures  that  the  probability  of 
pixel  i  is  summed  to  1  for  all  po.ssible  M  labels. 


Given  the  update  rule,  how  can  we  determine  the 
initial  probabilities  of  all  image  pixels?  What  is  a 
good  number  for  the  neighboring  system  in  the 
update  rule?  How  do  we  select  the  compatibility 
coefficients  ry’s?  Although  different  answers  to  these 
questions  can  lead  to  slightly  different  results  in 
evaluating  the  relaxation  update  rule,  the  overall 
relaxation  update  should  consistently  reduce  the 
ambiguity  in  the  labeling  process.  Fekete  et  al  [2] 
suggested  two  criteria  to  measure  the  performance  of 
the  probabilistic  relaxation  process:  the  rate  of  change 
between  consecutive  updates 


and  the  entropy  of  the  pixel  probabilities  evaluated  at 
each  iteration 

I-l  (4i) 

»(«)  -TTlhi  £  »ft»)  (4b) 

l-l 

where  N  is  the  number  of  pixels  in  the  image,  M  is 
the  total  number  of  labels  and  m  is  the  iteration 
index.  In  general,  the  rate  of  change  and  entropy 
between  updates  should  be  decreased  in  the  relaxation 
update  process.  The  measures,  however,  are  not  true 
indicators  of  the  performance  measures  because  they 
tell  us  nothing  about  the  correctness  of  the 
segmentation  results.  Therefore,  instead  of  using 
them  as  performance  measures,  we  only  use  them  as 
convergence  criteria  for  the  update  process. 

2.1  Assignment  of  Initial  Labeling  Probability 

Most  conunonly  the  image’s  histogram  is  used  to 
assign  the  initial  labeling  probability  to  each  pixel  in 
the  image.  A  histogram  represents  the  relative 
frequency  of  occurrences  of  the  grey  levels  in  the 
image. 

b(X{) 

P(*i)"“N  •  i-ait-L-l 

where  L  is  the  number  of  grey  levels,  n(Xi)  is  the 
number  of  occurrence  of  pixels  with  grey  level  i  in 
the  image,  and  N  is  the  total  number  of  pixels  in  the 


image.  This  assigxunent,  however,  doesn’t  take  into 
consideration  the  a-priori  knowledge  about  the  classes 
that  we  want  to  segment  the  image  into.  In  our 
^plication  of  segmenting  X-ray  baggage  images,  the 
a-priori  knowledge  can  be  the  average  grey  level  of 
the  X-ray  images  of  a  certain  type  of  contraband  that 
we  want  to  extract  from  the  input  image.  Since  the 
a-priori  knowledge  is  only  an  estimate,  it  is  more 
appropriate  to  model  the  assignment  of  the  initial 
probability  by  the  S  function  (13, 7]  which  is  defined 
as 


S(x;a.b,e) 


r  01  ts* 


< 


.bsxse 


(5) 


ll.  t»c 

t.  a  -f  c 

iritb  o  ■  2  a  ^  b  ^  c.  Figure  1  shows  an 

example  of  £e  S  function  with  the  same  cros^int  b 
for  different  values  of  a’s  and  c’s.  If  the  crosspoint  b 
is  an  estimate  of  the  average  grey  level  of  an  X-ray 
contraband  image,  then  the  S  fimction  defines  the 
membership  function  corresponding  to  a  fuzzy  set 
*grey  level  x  is  similar  to  the  contraband  average 
grey  level*.  The  'spread*  of  the  S  function  which 
controls  by  the  distance  (c  •  a)  is  a  measure  of 
fuzziness  (uncertainty)  in  associating  a  grey  level  x  to 
the  contraband  average  grey  level.  As  (c  •  a) 
approaches  zero,  the  S  function  becomes  a  simple 
thresholding  function  about  the  crosspoint  value  b. 


2.2  Selection  of  Compatibility  Coefficients 


The  compatibility  coefficients  are  the  measures  of 
bow  much  the  labeling  of  a  pixel  is  compatible  with 
what  its  neighbors  'think*  that  labeling  ought  to  be. 
There  are  many  ways  to  select  these  coefficients 
according  to  different  definitions  of  compatibility 
functions  (9]. 


The  sio^lest  selection  of  compatibility  coefficients  is 
to  restrict  them  to  the  extreme  values  •!  and  1 


r«(X,V)--H  ifX-X’ 

r«(X,X’)  -  -1  if  X  X’ 

This  assignment  does  not  take  into  consideration  the 
fact  that  a  pair  of  labels  can  spatially  co-occur  in  the 
image.  To  account  for  these  co-occurences,  one  way 
to  estimate  the  coefficients  is  using  conditional 
probabilities.  Let  p|(X)  be  the  initial  estimate  of  the 


probability  that  a  pixel  i  having  label  X,  then  the 
probability  of  all  pixels  in  the  image  having  label  X 
is  given  by 

i-l 


The  joint  probability  of  a  pixel  pair  having  label  X  at 
pixel  i  and  X’  at  pixel  j  relative  to  i  (e.g.  pixel  j  is 
one  pixel  on  the  south  side  from  i)  is  as 

follows 

p5(X)pi  .(X*) 
i-l 

Given  the  above  probabilities,  the  conditional 
probability  is  given  by 


RjtilX')- 


m 


(6) 


Note  that  the  estimate  of  the  compatibility  coefficients 
using  conditional  probabilities  are  global  estimates 
because  it  is  computed  only  once  for  a  given 
neighboring  configuration  system.  Once  computed  the 
coefficients  are  kept  constant  during  the  update 
process.  The  estimates  only  reflect  the  overall 
dependencies  among  neighboring  pixels  of  the  entire 
image;  therefore,  they  may  not  be  good  estimatee  for 
local  dependencies.  For  images  with  different  textural 
details,  local  dependencies  can  be  preserved  by  using 
a  different  estimate  that  applies  only  to  local 
neighboring  pixels.  Such  estimates  can  Ik  computed 
by  simply  replacing  N  (total  number  of  pixels  in  the 
image)  with  K  (total  number  of  pixels  in  the 
neighboring  system).  One  drawback,  however,  is  the 
significant  increase  in  the  overall  computation  of  the 
algorithm.  If  conditional  probabilities  are  used  for 
compatibility  coefficients,  the  relaxation  update  rule 
can  be  reformulated  using  Bayesian  probability  theory 
[8]  with  the  assumption  that  the  probability  of  pixd 
i  given  its  label  is  X  is  independent  of  its  neighboring 
pixel’s  label.  The  relaxation  update  scheme  is  now 
given  by 


I-l 


(T) 
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then 


where  qj  is  in  the  same  formulation  as  in  Eq.  (2). 
The  update  rule  is  basically  the  same  as  Eq.  (1);  the 
only  difference  is  the  elimination  of  1  bemuse  the 
compatibility  coefficients  are  now  in  the  range  of  (0. 
1]  instead  of  ['I,  1]  as  before. 

Experimentally  we  find  that  one  set  of  compatibility 
coefficients  does  not  work  well  for  X>ray  baggage 
images  because  the  estimate  is  done  globally.  For 
example,  if  a  bag  is  small  and  the  background  level 
is  dominant  then  the  estimated  compatibility 
coefficients  tend  to  bias  toward  the  background.  To 
compensate  for  the  bias  in  the  estimate,  we  propose 
the  use  of  two  update  passes  using  two  different  sets 
of  compatibility  coefficients.  The  first  set  of 
coefficients  can  be  viewed  as  estimates  from  images 
with  more  background  than  baggage  details;  while  the 
second  set  is  the  estimates  from  images  with  cluttered 
baggage  details.  The  biggest  advantage  of  this  method 
is  that  the  compatibility  coefficients  ^  not  have  to  be 
computed  on-line  for  each  image  but  they  can  be 
*learaed*  off-line  from  a  number  of  different  images. 

3.  ALGORITHM  IMPLEME^VTATION 

Because  the  compatibility  coefficients  can  be 
calculated  off-line,  the  impleiDentatioo  of  the  PRL 
algorithm  becomes  very  simple  for  the  two-class 
segmentation  problem.  Recall  from  Eq.  (2),  the  local 
dependency  information  in  the  labeling  process  for 
the  two-class  problem  is  given  by  a  vector.  (For 
notation  cooveoience,  fiomoowooqt(a)UwfiUeoas 
qi,.) 


with  a  and  as  the  two  classes.  Let 


cl  “  r^  (o.o) 
C2  =  Tg  (Cl,jJ) 
C3  »  T^{0.Cl) 
c4  o 


(9) 


“«»  Pb  Wy  ■  L  we  have 

j-1 

•  (Cl-C2)  f  Wy +  c2  (10a) 

j-1 

Similarly, 

*  (C3.0*)  f  +  c*  (10b) 
Therefore  (7)  beoomea 


JB+l 

Pb 


Pb 


♦a-F&ip 


Theoretically,  the  range  of  pixel  values  in  a  PRL 
should  be  (0.0,  1.0);  however,  for  display  purpoeee 
the  pixel  vdues  must  range  from  (0, 2S5)  for  an  B  hit 
image.  The  mapping  f^  real  valucc  to  integer 
values  is  simply  done  es  (bUotM 

,lg-«iKjg«2SUI) 

where  p'  is  e  displayed  pixel  value  and  ceilfx)  is  a 
funoiion  that  returns  a  smallest  inhqter  which  is 
greater  than  or  equal  to  x .  If  we  negtect  die  round  off 
errors  in  the  mapping,  Eq.  (1 1)  can  be  impleaaented 
with  a  64K  integer  look-up^able  (LUT).  The  64K 
sire  of  the  update  rule  LUT  is  used  to  at^ount  for  ail 
possible  results  in  the  product  of  p*a  and  q's.  Figure 
2  shows  the  block  diagram  of  the  PRL  algorithm  for 
two-class  problem.  All  compulations  for  the  initial 
probabilities,  update  rule,  and  the  convMgence 
criteria  can  be  implemented  using  LUTt  and  a 
convolver.  Because  both  the  LUT  and  convoluticm 
(especially  with  3x3  and  Sx5  kernels)  can  be  executed 
in  real-time  (30  frames/secood)  in  many  inexpensive 
image  processing  hardware,  each  iieiation  of  the  PRL 
can  be  completed  in  less  ibxn  100  ms. 


4.  EXPERIMENTAL  RESULTS 


following. 


The  experimental  results  are  based  on  X*ray  images 
that  are  taken  from  a  local  airport.  The  image  size  is 
SI2  X  512  with  256  grey  levels.  In  this  paper,  we 
only  show  the  results  from  two  X>ray  baggage  images 
using  four  different  methods:  PRL,  adaptive 
histogram  thresholding,  constrast  intensification  using 
fuz;^  set  concept  [7]  and  Iterated  Conditional  Modes 
(ICM)  [1,3].  The  a^ptive  histogram  thresholding  is 
a  simple,  one  pass  segmentation  using  an  adaptive 
threshold  which  is  defined  as  the  peak  of  the  image’s 
histogram  that  falls  within  the  segmenting  class’ 
variance  and  has  a  certain  height.  (The  peak  height  is 
used  for  size  discrimination  purpose.)  The  peak  is 
found  using  the  top-hat  transformation  [4] 

Peak  »  H  -  0{  H  ). 

where  H  is  the  image  histogram  and  0<H),  is  the 
opening  of  H  by  a  tine  structure  element  of  n  pixels 
long.  The  opening  operation  is  defined  by  an  erosion 
followed  by  a  dilation. 

The  contrast  iotensincation  using  fuzzy  concept  is  an 
iterative  algorithm  which  attempts  to  assign  individual 
pixel  values  into  different  classes  based  on  their 
initial  membership  function.  The  aasignment  is  done 
recursively  with  the  following  openiioa 

®*«S03 

li>2(i*itidr«  (i54>sio 

Deteibof  IhealgoriUuacaa  be  found  in  |7|. 


-  Adaptive  histogram  thresholding: 

Structure  element  =  {1,  1,  1,  1,  1} 

Minimum  peak  height  =  800 
H  =  IS  (average  grey  level  of  class  1) 
ff,  =  6.5 

-  Contrast  intensification  with  liizzy  set: 

Ml  =  15 
Fe*  =  2 


-  Iterated  conditional  modes: 

J(a,  b)  =  1  if  a  =  b 
=  0  if  a  b 
Ml  =  IS 

Mi  =  60 

tfi  »  ffi  =»  6.5 
P,  =  1.5  for  all  r 

c  a  4  and  the  relative  neigborhood  configuration 
(r’s)  is  as  follows: 


.s 

•1 

*4 

•1 

a 

•4 

•1 

•1 

•  Probabilistic  relaxation  labeling; 

S  function  parameters: 

a  0.0, 0  23,0 

Compatibility  coefTicients  for  pass  1: 

fa  »  0.62:  Tm  «  0.38:  ri«  0.S7;  r,|  •>  0.43 
compatibility  coefficients  for  pass  2: 

fig  «  0.49;  fyi  *  O.SI:  ft*  «■  0.45;  r„  «  0.S5 
3x3  ctmvoluiioD  mask  (1,  t,  1. 1,2,  I,  I,  t,  1} 


The  ICM  algorithm  U  a  model-based  method.  In  its 
simplmt  form,  the  method  iteratively  miaimires  the 
folkrwijagioergy  ftmctioo 


Except  for  the  adxplive  histogram  threshold,  the  other 
three  methods  are  iterative.  The  iteration  loop  is  fixed 
to  7  for  those  methods. 


1  1  (*<•-)*  , 

where  o  is  the  class  label,  and  p.  are  the 
variance  and  mean  of  class  a,  .*espeeiiv(ely,  P,  i.«  the 
clique'  parameter,  and  i(a,b)  is  the  spatial  interaction 
amoi^  the  clique  neighbors. 

4.1  Teal  nurtunders 

All  parameters  of  the  four  tested  algoiithnvr  are  fixed 
durini  the  entire  segmentation  process.  They  are  the 


ResuUs  mid  Dlscussioa 

Figures  3  and  8  show  two  original  baggage  X-ray 
images,  the  results  of  adaptive  histogram  fhreidiotd 
method  are  shown  in  Fig.  4  and  9.  Only  the  fUud 
re.sul(s  from  the  last  iteration  are  displayed  for  each 
iterative  algorithm.  f‘ig.  S  and  10  are  the  results  of 
PRL  .segmeniaiton.  These  images  are  taken  from  the 
second  pass  of  the  algorithm.  The  rcsulb*  of  the 
contrast  inicnsificaiioa  using  hizzy  set  concept  are 
shown  in  Fig.  6  and  It.  Finally,  Fig.  7  and  12  are 
the  r^lls  from  the  ICM  algonlhm.  Although  the 
high  density  and  clulleted  areas  in  the  lest  iiisages  can 
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be  segmented  out  with  ail  four  methods,  the  results 
from  the  PRL  method  are  much  cleaner.  For  example 
in  Fig.  5  we  can  detect  the  objects  from  the  cluttered 
areas  in  the  t'.vo  bags  easier  than  with  the  results 
from  other  methods. 

Although  the  results  from  the  PRL  method  are 
visually  better  than  those  of  the  other  methods, 
assigning  a  'measure  of  performance*  to  their  results 
is  not  a  trivial  ta.sk.  The  rate  of  change  between 
consecutive  updates  and  the  entropy  measurements 
proposed  by  Fekete  et  al.  [2]  do  not  guarantee  the 
correctness  of  the  segmentation  results.  For  example, 
among  the  iterative  algorithms,  the  rate  of  change 
between  updates  and  entropy  of  the  Iterated 
Conditional  Modes  method  decreases  faster  than  other 
method.s:  however,  by  visual  in.^peclion,  one  can 
conclude  that  its  re.sult$  are  poorer  than  those  of  other 
methods.  Using  'true  map*  (a  known  segmentation 
result)  then  computing  a  deviation  (e.g.  mean  square 
error)  from  the  segmented  results  and  the  true  map  is 
also  not  a  valid  measure  of  performance  because 
different  parameters  in  the  algorithms  can  give 
difierent  results.  Therefore,  a  fair  compari-son  must 
not  only  be  done  with  various  possible  combinations 
of  the  algorithms’  parameters  but  also  over  a  targe 
nuraber  of  data. 

ARer  testing  the  four  different  algorithms  on  a 
number  uf  X-ray  baggage  images,  the  PRL  is 
selected  over  oth^  methods  based  on  the  following 
constderations; 

1)  Good  and  consistcm  performance  (ha^  on 
visual  inspection). 

2)  Extendahie  to  multiple  claiises  and  image 
characteristia  other  than  grey  level  based  .such 
as  color,  teature,  volume  density,  shape  and 
site. 

3)  Processing  time  is  lUiitable  for  real-tune 
baggage  chocking  applicalioas. 


5.  CONCLUSIWl 

The  paper  presents  a  method  of  $egu,cniiAg  X-ray 
baggage  images  using  probabilistic  relaxation  Ithcliug 
(PRL).  To  compensate  for  the  bias  in  e.aitmting  the 
con^ibility  coefftctcALs,  we  proptue  the  use  of  two 
different  sc<.s  of  coefEcienUi  for  two  update  pacseii. 
These  coefficients  can  be  estimalod  off-liru  from  a 
oumher  of  baggage  iaagea  instead  of  on-fine  from 


the  examined  image  as  proposed  in  various  literature. 
For  a  two-class  problem  it  is  shown  that  all 
computation  of  the  PRL  method  can  be  implemented 
with  look-up  tables  and  a  convolver.  Using  a  real¬ 
time  convolver  that  processes  at  a  rate  of  30  image 
frames/second,  the  PRL  proces.s  can  be  done  under 
one  second.  In  addition,  the  algorithm  can  also  be 
extended  to  seg;nent  contrabands  based  cn  other 
feahires  such  as  color,  texture,  volume  density,  shape 
and  size. 
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NOTES 

1.  A  clique  is  a  set  of  points  that  are  neighbors  of 
each  other. 

2.  See  Reference  [7]  for  explanation  of  the 
algorithm's  parameters. 
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Figure  2:  Implementation  of  PRL  algorithm  for  two  class  problem 
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Figure  3:  Original  X-ray  image  1 


Figure  4:  Result  from  adaptive  histogram  threshold 
on  image  1 


Figure  5:  Result  from  PRL  method  on  image  1 


Figure  6:  Result  from  constrast  intensification 
on  image  1 
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Figure  7:  Result  from  the  ICM  method  on  image  1  Figure  8:  Original  X-ray  image  2 


Figure  9:  Result  from  adaptive  histogram 
threshold  on  image  2 


Figure  11:  Result  from  constrast  intensification 
on  image  2 


Figure  12;  Result  from  the  ICM  method  on  image 
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1.  INTRODUCTION 

Methods  for  intercepting  explosive  devices  in 
commercial  aviation  by  directly  detecting  the 
explosives  fall  into  two  categories:  vapor  (or 
sometimes  particulate)  detection  and  bulk  detection. 
Vapor  (or  particulate)  detection  (for  example,  gas  or 
plasma  chromatography)  is  inadequate  because  ail 
such  methods  are  child’s  play  to  evade  by  packaging 
the  explosive  component  or  the  entire  device  in 
plastic  bags,  metal  cans,  etc.  In  contrast,  several  bulk 
detection  instruments  have  been  demonstrated  to  have 
enough  sensitivity,  selectivity,  probing  range,  and 
immunity  to  evasion  to  be  practical  explosives 
detectors.  The  most  promising  methods  appear  to  be 
neutron  activation  and  x-ray  backscattering. 
However,  radiation-based  methods  are  unsuitable  for 
pa.ssenger  screening,  and  the  present  generation  of 
these  instruments  are  neither  portable  nor  flexible. 
Radiation  safety  requirements  limit  the  intensity  of 
the  source  that  can  be  used,  forcing  design 
compromises  that  reduce  the  sensitivity.  Hand  carried 
instruments  that  might  be  envisioned  fundamentally 
suffer  from  functional  problems  such  as  low 
throughput,  spotty  coverage,  and  inconsistent 
interpretation. 

In  this  paper  we  outline  a  program  whereby 
instruments  based  on  a  bulk  detection  method  that 
u.ses  penetrating  radiation  that  is  hazardous  to 
enforcement  personnel,  can  nevertheless  he  used 
safely  and  effectively.  Several  methods  that  use 
penetrating  radiation  are  feasible  in  theory  and  in  the 
laboratory,  hut  hand-held  instrument  de.signs  sacrifice 
sensitivity  to  meet  safety  requirements.  These 
degraded  instruntents  nevertheless  have  been  .shown, 
in  contexLs  such  as  contraband  drug  detcctiua,  to  he 


viable  in  the  hands  of  some  especially  knowledgeable 
and  enthusiastic  inspectors  who  have  developed  and 
begun  to  use  effective  operating  protocols.  In  the 
context  of  these  facts,  we  propose  a  five  point 
program: 

1)  Deploying  existing  instruments  via  robotic 
machines  that  would  operate  at  the  skill  level  of  the 
most  expert  inspectors.  Thus  we  would  improve  the 
effectiveness  of  existing  instruments  by: 

•  applying  a  consistently  high  level  of 
operating  expertise  equivalent  to  the  level 
now  practiced  by  the  most  capable  human 
inspector  now  in  the  field; 

•  improving  throughput,  inasmuch  as  robots 
work  with  unfailing  consistency  without 
taking  off  for  meals,  sleep,  sickness  or 
vacation; 

•  increasing  acceptability  to  the  inspection 
work  force  by  essentially  eliminating 
exposing  them  to  radiation. 

2)  Optimizing  instrument  aensitivity  for  deployment 
by  robotic  machines: 

•  instrument  design  compromises  previously 
made  to  minimize  radiation  exposure  to  the 
operator  of  a  hand-held  iastniment  u«uld  be 
removed: 

•  the  instruments  would  be  designed  for 
maximum  effectiveness  in  explosives 
detection; 
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•  safety  interlocks  would  ensure  that  these 
high  dose  instruments  would  cease  to  emit 
radiation  any  time  humans  were  in  their 
vicinity. 

3)  Augmenting  the  primary  detection  method  with 
complementary  sensing  technologies  and  "sensor 
fusion"  data  handling  methods  for  disambiguation: 

•  other  bulk  solid  sensing  modalities  to  reduce 
the  false  alarm  rate,  resolve  borderline 
detections,  etc.,  all  in  the  general  category 
of  "disambiguation"; 

•  vapor  detecting  sensor  modalities  for 
situations  in  which  penetrating  radiation 
based  bulk  detection  is  unsuitable,  e.g.,  for 
endpoint  searching  by  hand,  for  sniffing  the 
garments  of  suspected  offenders,  etc.; 

•  a  suite  of  navigation,  location,  and 
manipulatiou  sensors,  coupled  with  machine 
vision  systeras  to  provide  a  multi-sensor 
modality  image  and  interpretation  of  the 
baggage  under  inspection. 

4)  Providing  a  picture-  and  graphics-oriented 
interface  through  which  the  inspectors  would 
remotely  supervise  the  robotic  machines  and 
instruments,  thus  improving  interdiction  system 
performance  by: 

•  depicting  the  primary  data  in  a  natural  form 
amenable  to  rapid  and  accurate  interpretation 
by  people  and  computers; 

•  providing  an  integrated  representation  of 
multiple  data  types  synergistically 
contributing  to  a  high  interdiction  rate  and  a 
low  false  alarm  rate; 

•  taking  optimum  advantage  of  the  respective 
unique  strengths  of  people,  machines,  and 
petqrle  and  machines  working  together. 

5)  Developing  state-of-the-art  dalaha.se  managumeni 
and  .stali.sticat  analysis  tools  to  aid  itLspcvihm 
personnel: 

•  in  making  strategic  and  tactical  di-ct.’-huts 
about  deployment  of  finite  huiiun  and 
machine  resource.^; 

•  in  inierprelatiun  of  instrument  responses; 


•  in  identifying  the  most  suitable  strategies  and 
tactics  for  physical  seizure  of  explosives  and 
other  contraband. 

Taking  into  account  knowledge  of  container  materials 
and  construction,  physical  properties  of  the 
anticipated  explosives  types,  and  the  operating 
methods  employed  by  terrorists,  we  can  select  the 
instrument  source  radiation  energy  or  spectrum,  the 
instmment  detector  physical  and  electronic  filtering, 
and  other  engineering  parameters  to  maximize  overall 
instrument  effectiveness  in  the  context  of  the 
application.  If  a  dual  technology  instrument  is 
employed,  "sensor  fusion"  methods  allow  synergistic 
operation  wherein  the  whole  becomes,  effectively, 
greater  than  the  sum  of  the  parts. 

2.  ROBOTIC  DEPLOYMENT 

The  purpose  of  this  paper  is  to  outline  the  concept 
that  the  hinctional  and  safety  shortcomings  of  existing 
instrumentation  can  be  overcome  by  using  remotely 
operated  machinery  to  separate  the  inspector  from  the 
instrument.  We  also  suggest  that  at  the  same  time  the 
functional  problems  can  be  overcome  by  using 
computer  control  of  the  machinery  to  automate  the 
boring,  uncomfortable,  time  consuming  and  error 
prone  aspects  of  the  inspector’s  job.  We  believe  that 
some  supporting  basic  research  will  be  required  to 
accomplish  these  goals:  mobile  robots  similar  to  those 
that  will  be  required  in  this  application  (with  respect 
to  mechanical  complexity,  remote  controllability,  and 
degree  of  local  autonomy)  are  already  in  use  in  other 
applications.  The  flexibility  and  extensibility  of  the 
robotic  approach  will  permit  systems  built  along  these 
lines  to  keep  up  with  eva.sive  maneuvers  that  will 
emerge  in  terrorists’  bomb  construction  and 
deployment  technologies  as  the  interdiction 
technology  improves. 

Robotic  approaches  to  deployment  of  e,stablished 
detection  technology  would  wisely  be  the  first  step  of 
a  broad  program  to  make  systematic  improvements  in 
the  effectivene.ss  of  counterterrorism  activities  in 
commercial  air  transportation.  These  might  include, 
in  addition  to  expto,sives,  .substances  such  as  chemical 
and  biological  weapons,  guns  and  anununition, 
special  nuclear  maierials,  and  various  forms  of 
"currency"  including  narcotics.  ca.sh,  and  securitie.s. 
Hie  application  of  the  .same  level  of  technology  to  u 
variety  of  similar  problems,  each  with  unique  fcature,s 
(hat  need  to  be  individually  addre.sscd  in  u  common 
context,  presents  an  t)pportuni(y  in  breadlli. 
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The  machines  would  be  integrated  with  a  suite  of 
proven  detection  and  sensing  technologies,  using 
established  observation  and  context  based  procedures 
for  path  planning,  guidance,  and  world  model 
building.  A  combined  color  TV  and  computer  graphic 
human  interface  would  report  the  instrument’s 
findings  via  contour  maps,  special  symbols  marking 
suspicious  areas,  with  printed  numerical  data  and 
appropriate  highlighting  superimposed  on  live  images 
of  the  actual  container  under  inspection.  In  our 
operational  scenario  a  supervisor,  working  at  the 
display,  dispatches  inspectors  to  suspicious  pieces  of 
baggage  or  passengers  who  may  have  explosives 
concealed  on  their  persons.  The  inspectors  carry 
color  prints  of  the  display,  guiding  them  rapidly,  by 
images  and  coordinates,  to  the  suspicious  artifacts  or 
people.  They  proceed  with  their  own  familiar 
methods  of  inspection  and  interrogation.  If  they  want 
more  detail  from  the  instrument,  they  request  it.  The 
immediate  localization  to  a  specific  locality  enhances 
by  a  hundred  or  more  the  throughputs  and  the  seizure 
rates  that  are  credited  to  the  inspectors.  The  machines 
are  doing  what  machines  do  best:  the  tedious, 
uncomfortable,  and  dangerous  work.  The  inspectors 
are  doing  what  intelligent  people  do  best:  flexibly 
exercising  human  judgment. 

The  unpredictable  and  open-ended  jobs  of  fmat 
inspection,  seizure,  and  apprehension  of  the  terrorist 
cannot  be  automated  with  off-the-shelf  technology.  To 
automate  these  tasks  would  take  large  scale, 
expensive,  risk  laden  research  programs  outside  the 
pragmatic  boundaries  dictated  by  the  present 
perceived  need  to  rapidly  deploy  a  practical  explosive 
devices  interdiction  system. 

Practical  constraints  will  also  limit  the  number  of 
instruments  that  can  be  deployed  in  a  pilot  program 
that  must  produce  real  results.  The  most  technical 
and  cost-effective  solution  will  therefore  be  achieved 
by  the  mo.st  intelligent  deployment  of  a  small  number 
of  machines.  Intelligent  deployment  means  being  able 
to  predict  which  objects  and  people  are  must  likely  to 
be  concealing  explosives,  and  concentrating  the 
roachine.s  and  the  inspectors  there.  The  inspection 
technology  that  we  conceive  incorporates  electronic 
command,  communications,  and  computing 
components  that,  for  program  evaluation,  will 
automatically  build  a  performance  database.  It  would 
be  useful,  although  not  es.sential,  to  combine  this 
program  with  research  toward  improving  the 
statistical  and  heuristic  (artificial  intelligence) 
methods  available  for  using  the  datubu.se  to  guide 
resource  deployment  decision  making. 


3.  METHODS  SELECTION 

Contraband  detection  technologies  that  have  been 
considered  are  divided,  in  some  arenas,  into  physical, 
chemical,  and  biological,  and  in  other  arenas, 
including  (at  least  recently)  explosives  detection,  into 
vapor  (and  particulate)  collection  based  means  and 
bulk  interrogation.  The  latter  grouping  is  the  most 
relevant  in  the  deployment  systems  context. 

The  vapor  (or  particulate)  based  group,  which 
includes  techniques  like  mass  spectrometry,  ion 
mobility  spectrometry  (a.k.a.  plasma 
chromatography),  gas  and  liquid  chromatography, 
chemiluminescence,  antibodies,  and  others,  require 
the  evaporation  or  removal  of  a  portion  of  the 
contraband  material  from  its  hiding  place,  and  its 
introduction  into  the  instrument.  There  is  generally  at 
most  one  opportunity  to  interrogate  each  molecule 
before  it  is  buried  in  the  walls  of  the  instrument, 
dissolved  in  the  vacuum  pump  oil,  or  otherwise  lost. 
Vapor  (and  particulate)  tec^ques  have  generally 
been  demonstrated  on  the  relatively  large  quantities  of 
material  found  in  particulate  suspensions,  e.g., 
airborne  dust.  Whether  any  of  them  have  adequate 
sensitivity  to  detect  and  discriminate  dilute  vapors  in 
real  world  environments  is  still  under  intense  study. 
But  these  studies  and  debates  aside,  vapor  barriers 
(plastic  film,  metal  containers,  etc.)  are  just  too 
cheap  and  too  effective  for  any  air  sampling 
technology  to  be  considered  seriously  as  a  sole 
interdiction  technology  against  explosive-containing 
packages. 

On  the  other  hand  vapor  detection  must  continue  to 
be  pursued  as  it  is  one  of  the  few  available 
alternatives  (along  perhaps  with  magnetic  resonance 
methods)  for  inspecting  people;  fortunately 
encapsulation  of  explosives  carried  on  the  person  is 
more  difficult  than  encapsulation  of  explosives  in  a 
package,  and  body  temperature  aids  volatilization  and 
thus  detectability. 

In  contrast,  potential  bulk  detection  methods,  which 
include  x-rays,  acoustics,  neutron  interrogation, 
neutron  and  x-ray  backscatter,  nuclear  magnetic 
resonance,  microwave  attenuation,  and  others,  are 
applicable  in  situ.  They  are  in  some  ca.se.s  (u.specially 
neutron  interrogation)  difficult  to  shield,  and  they 
more  than  compensate  for  mode.stly  low  sensitivity  by 
being  able  to  work  with  the  order  of  10'^  times  the 
number  density  of  molecule.s  that  are  available  in 
vapor  sniffing.  They  provide  the  opjX)rtunity, 
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bee;  they  are  not  destructive,  to  improve  signal- 
lo-noise  by  interrogating  each  molecule  an  arbitrarily 
large  number  of  times.  For  these  reasons  we  consider 
the  bulk  detection  technologies  to  be  the  only  serious 
contenders  for  screening  of  baggage,  cargo,  mail, 
galley  supplies,  etc. 

Both  single-sided  and  through-thc-container 
implementations,  both  with  and  without  imaging,  are 
more  or  less  feasible  for  most  of  the  identified  bulk 
interrogation  technologies.  Our  advocated 
methodology,  the  combination  of  existing  (optimized 
for  the  new  deployment  method)  detection 
instruments  with  robotic  mobility,  is  flexible  and 
extensible  with  respect  to  these  choices.  The  five 
component  program  we  have  outlined  describes  a 
pragmatic  evolutionary  path. 

The  weakness  of  these  instruments,  in  a  scenario 
where  the  threat  is  constantly  evolving  in  evasion  of 
detection  apparatus,  is  their  inflexibility  because  of 
their  marginal  suitability  for  deployment  as  hand-held 
instruments.  There  are  two  essential  reasons: 

•  they  expose  the  inspectors  to  radiation:  and 

•  to  use  these  instruments  effectively  the 
inspector  has  to  develop  on  unlikely 
"rapport*  with  the  instrument,  given  the 
hazard  to  bis  (or  her)  health. 

However  the  possibility  of  robotic  deployment  opens 
up  several  areas  of  dramatic  improvement: 

•  the  existing  instruments,  remotely  deployed 
in  a  computer-aided  and  partially  automated 
scenario,  become  much  more  attractive 
because  the  health  hazard  is  immediately  and 
virtually  completely  removed; 

•  the  instruments  can  be  optimized,  e.g., 
source  strengths  increased,  and  therefore 
signal  to  noi.se  ratio  improved,  once  the 
operational  scenario  has  the  inspector  at  a 
remote  location; 

•  whether  or  not  the  instruments  actually  are 
optimized  for  robotic  deployment,  the 
systematic  nature  of  the  automated  roh«)(ic 
inspection  proce.ss  will  decrea.se  both  the 
miss  rate  and  the  false  alarm  rate. 

In  addition,  throughput  will  be  substantially 
improved: 


•  automated  or  semi-automated  machines 
operate  steadily  and  continuously; 

•  one  inspector  can  simultaneously  direct 
multiple  robots; 

•  inspectors  will  work  primarily  in  an 
endpoint  search  mode,  with  a  very  high  hit 
rate  per  person-hour,  in  contrast  to  the 
present  situation  where  they  spend  most  of 
their  time  looking  for  suspicious  looking 
passengers  and  baggage. 

There  are  numerou.s  additional  technical  possibilities, 
for  example,  differentiation  of  robotic  deployment 
machines  into  those  specializing  in  volume  inspection 
through  the  container  and  those  specializing  in  single- 
sided  or  outside  surface  inspection.  In  particular, 
volume  inspection  could  be  facilitated  by: 

•  placing  source(s)  and  receiver(s)  on  two 
limbs  of  one  machine;  or 

•  by  coordinated  movement  of  two  or  more 
robotic  machines  working  different  faces  of 
the  baggage  or  container. 

4.  DETECTION  REQUIREMENTS 

The  required,  or  at  least  the  desired,  attributes  of  a 
coatrabiuul  explosives  detection  system  include: 

•  sensitivity  -  the  ability  to  detect  quantities 
well  under  1  kilogram  on  a  person  or  in 
baggage  and  perhaps  just  a  few  kilograms  in 
cargo; 

•  specincily  -  the  ability  to  discriminate 
explosives  from  legitimate  baggage  or  cargo 
contents; 

•  portability  and  transportability  -  we  regard 
it  as  essential,  agaimit  an  ever  changing 
threat,  that  the  insirumcnl  can  be  carried  to 
the  suspected  baggage  or  cargo,  not  vice 
versa; 

•  low  false  aianu  rale  —  despite  some 
evidence  that  a  modest  level  of  false  alarms 
keeps  inspectors  *on  their  toes,*  the  high 
CO.SI  of  manual  inspection  dictates  a 
requirentent  for  a  very  small  faJ.se  alarm 
rate; 
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•  safety  ~  e.g.,  both  ionizing  and  laser 
radiation  present  personnel  problems; 

•  simple  to  operate  —  inspectors  are  not 
trained  in  instrumentation: 

•  "in  the  flow'  -  the  instrument  must  not 
introduce  additional  delays  into  the  already 
objectionably  slow  inflection  process,  nor 
can  it  signiflcantly  disn^  current 
procedures; 

•  reliable  -  down  times  must  be  short  and 
infnquent. 

The  semi*automated  robotic  deployment  scenario 
makes  a  positive  contribution  to  each  of  these 
requirements: 

•  sensitivity  of  any  instrument  deployed 
robotically  is  enhanced  by  the  systematic  and 
untiring  nature  of  the  process,  which 
improves  signal<to-noise  ratio  by  decreasing 
the  noise  associated  with  procedural 
inconsistency  and  increases  the  signal  by 
permitting  uniform  scans  at  rates  that  are 
automatically  adapted  to  the  situation 
pertaining  at  any  momeat; 

•  sensitivity  is  further  enhanced  if  the 
opportunity  is  taken  to  optimiie  the 
inrtnrment  for  madiine  deployment,  e.g., 
relaxation  of  mdialkm  source  strength 
restrictioos; 

•  speciftcity  is  enhanced  by  improved  cifoal* 
UHtoise,  bcilitatittg  cignatuie  analysts,  as 
well  at  by  the  ease  of  incoipontion  of 
auxiliary  sensora  and  aeoaor  fusion 
approaches  to 

•  poft^Iity  and  tianspoitability  become 
fundamental  features  of  the  approach,  i.e.. 
in  the  robotic  deployment  eceoario  the 
instrument  is  inherently  end  integrally  part 
of  a  mobile  machine  tk^gned  at  every  level 
to  bring  the  instrument  to  the  baggage,  ca^ 
contiiner,  or  pessenger ,  and  most  effectively 
to  scan  the  stil^ect  with  the  instrument; 

•  a  low  false  alarm  rate  is  assatred  both  by  the 
improvements  to  the  physical  detection 
process  per  te,  and  even  more  by  the 
filtering,  leliabiltty  checking,  consistency 


and  context  cross  checking,  disambiguation, 
etc,  provided  by  the  computer  modeling, 
analysis,  and  reporting  system; 

•  safety  is  assured,  for  detection  modalities 
involving  penetrating  radiation,  by  the 
physical  sfuration  of  man  and  machine,  and 
by  conservative  programming  of  the 
man/machine  interaction  with  numerous 
software  implemented  interlocks  and  limit 
switches; 

•  simplicity  of  operation  it  inherent  in  the 
semiautonomous  nature  of  the  system; 

•  all  the  interactions  with  the  humans  are  at  a 
natural  language  communication  level,  and 
are  thus,  from  the  human  perqiective, 
inherently  sinqile; 

•  throughput  is  eahsnced,  not  because  robots 
ate  fiud  (in  fact,  in  the  short  run  they  are 
usually  slower  than  skilled  people),  but 
because  the  competition  almost  always  turns 
out  to  be  a  tortoise-aod-hare  rtory  in  which 
the  robot’s  persevenuice  and  untiringly 
systematic  methods  win  out,  statisticslly, 
over  the  human’s  '^prints*  of  wisdom  or 
intuitioo, 

•  idiabili^  is  sstuied  by  conservative  design, 
sod  by  the  relstivdy  low  cost  of 
redundsBoy. 

S.  SYSTEM  ARCHITECTtlBE 

Our  approach  is  not  an  iastrumnnl  but  rather  a 
method  of  dsploying  existing  and  ftitufa  instruments 
to  intfidkiiTHt  rale  and 

iflterdictioo  cost.  We  talm  it  as  given  that  there  are 
several  existing  initntmenti  that,  udth  qpeciftsble 
oonitrsints,  can  delect  explosives.  The  de^  phase 
for  a  practical  system  wosdd  include  acsettment  of 
aensitivity,  aele^vity,  false  poetiive  rate,  fotae 
oepiive  rate,  and  telmed  lechtucal  paiameiers,  in  a 
realistic  context  subject  to  Ibe  oontfraints  of  the 
commercial  air  travel  scenario.  By  using  automatic 
and  semi-amomatk  tobo^  machinea  to  transport  and 
operate  one  or  more  inatflunenis,  tyrtem 

functionality,  ibrougbput,  and  safer/  will  raise  one  or 
more  delectioo  tochw^ka  to  the  realm  of  practical 
feaiibUily. 
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The  system  we  envision  is  comprised  of  four 
subsystems;  measurement,  manipulation,  mobility, 
and  monitoring,  integrated  in  a  system  that  delivers 
adequate  sensitivity,  discrimination,  reliability  and 
throughput: 

•  measurement:  primary  sensing  technologies, 
e.g.,  neutron  activation,  interact  with  the 
baggage  per  se,  cargo  containers,  and  any 
suspected  contraband;  secondary  smsing 
technologies,  e.g.,  magnetometers, 
discrimirute  effects  relating  to  the  container 
from  effects  relating  to  its  content; 
knowledge  based  interpretation  integrates 
sensor  data  into  the  explosives  interdiction 
context; 

•  manipulation:  precise  navigation  and  motion 
control  relative  to  the  dimensions  of  the 
baggage  piece  or  cargo  container  are 
essential  to  localization  of  suspect  regions; 
scanning  is  generally  autonomous,  but  an 
in^wetor  or  supervisor  can  intercede  to 
target  suqrect  pieces  or  areas;  a  knowledge 
base  of  baggage  and  container  types  will  aid 
navigation  by  facilitating  landmark 
recognition,  and  it  aids  discrimination  by 
maintaining  sensiiivity  to  anomalies,  e.g., 
backscaltefing  from  structural  regions  that 
should  be  empty; 

•  mobility:  it  is  crucial  that  the  inspection 
equipment  move  to  the  subject  person,  pie^ 
of  luggage,  or  cargo  coot^ner  wherever  its 
location;  the  alternative  of  bringing  these  to 
a  central  inspection  station  is  unaccrytably 
disnqitive  to  the  normal  flow  of  activities; 
bowmw  there  is  little  impetus  to  mske  ^ 
activity  autonomous,  and  there  would  be 
much  technological  ridi  in  attempting  to  do 
so;  mobility  is  thus  directed  by  inspection 
peraonnel,  dther  iocaUy  or  by  teleoperaiion; 

•  monltt^ng:  high  level  cootnd  and 
conunand,  including  dBta«dtiven  dispatch  of 
inspectors,  is  effected  vis  a  high  quality 
visual  interface;  interaction  between  a 
supervisor,  the  robotic  iiupeciioo  equipment, 
and  the  human  iupection  staff  is  bued  on 
odor  TV  images  of  subjects  with  automatic 
overlaid  mappiftg  of  serunry  daia,  computer 
highlighUng  of  iutomaticaily  delected 
suspeei  trees,  sod  the  opUoo  of  the 


supervisor  designating  other  areas  as  suspect 
based  on  his  or  her  interpretation  of  the  data 
m  context. 


6.  DEPLOYMENT  STRATEGY 

We  suggest  that  in  contraband  interdiction  it  is  a 
more  valuable  skill  to  be  expert  about  when  and 
where  to  inspect  than  it  is  to  be  expert,  with  or 
without  "high  tech*  instruments,  at  conducting  the 
inspection  per  se.  Present  inspection  target  selection 
methods  rely  on  heuristics  whose  effectiveness  are 
unmeasured.  Were  inspection  resources  unlimited, 
targeting  effectiveness  would  not  be  an  issue.  But  the 
real  situation  is  that  there  are  too  few  inspectors  to 
physically  examine  more  than  a  small  fraction  of  the 
targets.  Under  these  cinutusUacts,  flawed  heuristics 
may  be  worse  than  no  heuristics.  Powerful  statistical 
and  analytical  methods  could  be  brought  to  bear  on  at 
least  two  components  of  the  contraband  interdiction 
deployment  problem:  verifying  and  improving 
existing  heuristics  (a  sampling  program),  and 
systematizing  inspection  targeting  practice  in  the 
context  of  knowledge  of  the  heuristics  (an  operations 
research  program). 

7.  CONCLUSION 

We  have  described  a  cow^  for  using  robotic 
systems  to  deploy  and  to  evaluate  objectively  the 
effectiveness  of  sensors  and  instniments  for  det^tion 
of  contraband  explosives,  particularly  as  they  might 
be  employed  by  temmsts  agaie^  coinmetcial 
aviation.  Tbe  system  architecture  divides  the  problem 
into  four  levels:  mtasurment,  matUpttUttltm, 
mobility,  and  monitoring. 

lire  meatwrment  level  is  a  suite  of  existing  or 
adapted  aensora  and  tnstfumeeia  that  report  the 
presence  of  materia]  with  chemical  or  physical 
properties  that  suggest  the  presence  of  explosives. 

The  manipulation  level  it  a  (amity  of  fine  motion 
devices  that,  with  the  aid  of  secondary  sensors, 
aulofflstically  deploys  the  explosive  detecting  sensors 

mwt  fftttrtirmWtU 

The  mobility  level  is  a  family  of  virtually  unlimited 
motion  plalibnns  that  tramqwit  the  manipulalon  and 
ihf  if  tetvfot  tMite# 
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The  monitoring  level  is  the  computer,  interlace,  and 
display  that,  in  response  to  strategic  requirements 
articulated  by  the  human  operator,  carries  out  an 
appropriate  sequence  of  inspection,  interpretation,and 
sensor  fusion  tasks,  and  notices  the  operator  of 
exceptions  that  require  human  attention.  The 
monitoring  function  particularly  benefits  hrom  access 
to  a  variety  of  sensor  inputs  and  a  historical  database. 
These  in  concert  substantially  enhance  the  abilities  of 
die  monitoring  system  to  discern  and  call  to  the 
operator's  attention  small  but  potentially  significant 
departures  from  nominal,  and  to  resolve  ambiguities 
due  to  sensors  with  high  sensitivity  but  inqierfect 
selectivity. 

We  developed  this  model  as  a  flexible  approach  to 
the  general  problem  of  making  difficult  observations 
in  difficult  environments.  In  commercial  aviation,  our 
concept  is  now  being  realized  via  an  FAA  sponsored 
program  through  which  we  are  applying  it  to  aging 
aircraft  inspection.  Hie  systems  integration  concepts 
and  technology  we  are  developing  in  the  aging 
aircraft  program  have  direct  counterparts  in  the 
explosive  detection  program.  We  look  forward  to 
being  able  to  apply  what  we  leam  in  the  first  context 
to  the  problems  of  the  second  context. 
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A  SYSTEMS  APPROACH  TO  THE  EXPLOSIVE 
DETECTION  PROBLEM 


Michael  C.  Smith  and  Roger  L.  Hoopengardner 
Science  Applications  International  Corporation 
1710  Goodridge  Drive 
McLean,  Virginia 


1.  INTRODUCTION 

Science  Applications  International  Corporation 
(SAIC)  has  been  involved  in  research  and 
development  (R&D)  of  Explosive  Detection  Systems 
(EDS)  for  baggage  inspection  since  the  mid-lOSO’s 
when  the  U.S.  Federal  Aviation  Administration 
(FAA)  funded  SAIC  to  develop  the  Thermal  Neutron 
Analysis  (TNA)  system.  After  the  tragic  bombing  of 
Pan  Am  Flight  103,  the  FAA  accelerated  research 
efforts,  leading  to  early  fielding  of  TNA  systems. 
TNA  is  currently  being  used  on  a  trial  basis  in 
airports  in  both  the  United  States  and  Great  Britain. 
While  TNA  met  the  initial  FAA  specifications, 
evidence  from  the  Pan  Am  103  bombing  indicates 
that  smaller  amounts  of  explosive  than  originally 
specified  must  be  detected.  However,  TNA  testing 
for  smaller  amounts  of  explosives  yields  higher  than 
desirable  false  positive  rates.  Most  experts  agree  that 
TNA  is  currently  the  only  true  explosive  detection 
technology  available,  but,  to  provide  an  effective 
system  with  acceptable  false  alarm  rates,  TNA  nuy 
need  to  be  supplemented  with  other  detection  devices, 
methods  and  procedures. 

Recently,  the  FAA  Technical  Center  began 
considering  different  combinations  of  technology  and 
procedures  that  could  provide  acceptable  detection 
and  false  alarm  rates.  Since  most  people  agree  that 
TNA  is  likely  be  a  part  of  any  system  fielded,  SAIC 
elected  to  take  an  overall  systems  approach  to  the 
problem,  seeking  to  develop  a  method  or  procedure 
to  evaluate  "systems  of  systems*  comprised  of  TNA 
and  other  technologies  and  procedures.  The  authors 
of  this  paper  studied  the  problem;  developed  logical 
measures  of  effectiveness  (MOE);  designed, 
constructed,  validated,  and  exercised  an  EDS 
simulation  model;  and  briefed  results  to  the  FAA 
Technical  Center’s  Aviation  Security  Research 
Service.  The  resulting  PC-based  computer  simulation 
model  was  designed  to  be  simple  to  understand, 
logically  correct,  and  capable  of  providing 
meaningful  visual  displays  of  the  results. 


Figure  1  shows  the  operational  analysis  approach 
needed  to  fully  evaluate  EDS  alternatives.  The 
approach  begins  with  a  clear  statement  of 
requirements  in  the  form  of  security  system 
objectives  (e.g.,  specific  threats  and  the  required 
detection  probability)  and  operational  requirements 
(e.g.,  throughput,  space  available).  The  analytical 
framework  prescribes  the  scope  of  the  analysis  effort, 
the  system  measures  of  effectiveness  and  the  relevant 
trade-offs.  The  simulation  model  discussed  here  falls 
in  the  "Identify  or  Develop  Tools"  and  "Apply 
Analysis  Tools"  boxes.  It  is  an  example  of  one  of  the 
tools  that  could  be  used  in  an  operational  analysis  of 
the  process  for  detecting  explosives  in  baggage. 

Our  compressed  schedule  required  that  security 
objectives  and  baseline  operational  parameters  be 
assumed  as  given.  Data  for  the  analysis  were 
generally  obtained  from  internal  SAIC  sources  or 
from  available  literature  and  are  adequate  to 
demonstrate  the  utility  of  the  approach  and  the  model. 
We  have  not  develop^  specific  options  for  evaluation 
and  testing  but  have  provided  an  analytical  tool  that 
could  assist  in  the  evaluation  and  have  demonstrated 
it  using  notional  data  the  approximates  what  is  likely 
to  be  experienced  using  available  technologies  and 
procedures. 

This  paper  describes  the  computer  simulation  that 
was  developed.  The  paper  also  suggests  some 
enhancements  that  could  be  made  to  increase  the 
fidelity  of  the  simulation  and  other  ways  to  use  a 
systems  analysis  approach  to  improve  security. 

2.  SIMULATION  DESCRIPTION 

The  purpose  of  the  simulation  model  described  here 
is  to  assist  in  developing  and  assessing  various 
systems  alternatives  for  achieving  security  system 
design  goals  for  screening  checked  baggage  in 
airports.  A  simplified  logical  model  of  the  simulation 
is  shown  in  Figure  2. 
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The  stimulation  model  requires  a  number  of  run 
parameters  that  describe  the  operational  environment 
of  the  EDS.  These  parameters  include; 

•  the  total  number  of  passengers  to  be 

processed: 

•  the  time  during  which  passengers  arrive; 

•  the  peak  passenger  arrival  time; 

•  the  average  number  of  checked  bags  per 
passenger; 

•  the  probability  that  a  passenger  is  carrying  a 
bag  that  contains  an  explosive; 

•  the  fraction  of  passengers  that  will  be 

profiled  through  interrogation  ("manual 
profiling")  or  through  electronically 
compiled  data  (automatic  profiling ");  and 

•  the  first  device  or  procedure  used  to  screen 
checked  bags. 

In  addition  to  these  run  parameters,  each  EDS 
technology  and  procedure  is  characterized  by  a  set  of 
parameters.  These  parameters  are: 

•  the  probability  of  detecting  an  explosive 
when  an  explosive  is  present; 

•  the  probability  of  a  false  alarm  (i.e., 

indicating  the  presence  of  an  explosive  when 
there  is  none): 

•  the  time  required  to  process  a  checked  bag 
or,  in  the  case  of  passenger  screening,  a 
passenger;  and 

•  the  next  station  for  bags  and/or  passengers  if 
not  cleared  (i.e.,  an  alarm,  detection,  or 
positive  screening  result). 

The  model  begins  with  the  arrival  of  pa.<ksengers  in 
the  security  .screening  area  according  to  the  arrival 
pattern  specified  through  model  parameters.  The 
model  uses  a  triangular  distribution  to  reflect  the 
gradual  rise  and  fall  in  pa.s.senger  arrivals  as  an 
aircraft  departure  approaches.  Ilie  triangular 
distribution  is  divided  into  fifteen  minute  intervals. 
The  model  computes  the  mean  inlerarrival  time  for 
each  interval  and  pa.ssengur  arrivals  occur 
exponentially  within  each  lifteen  minute  interval. 


Attributes  are  assigned  to  passengers  randomly  as 
they  arrive.  Attributes  include  the  number  of  bags  the 
passenger  wishes  to  check  and  whether  or  not  one  of 
the  passenger’s  bags  contains  an  explosive.  The 
model  permits  the  analyst  to  select  any  combination 
of  EDS  technology  and  procedures  and  configure 
them  in  series,  parallel,  or  recycle  patterns.  This 
modeling  flexibility  facilitates  analysis  of  options 
where  bags  have  to  clear  two  or  more  EDS 
technologies  or  procedures  before  being  placed  on  the 
aircraft.  The  model  logic  flowchart  shows  how,  once 
a  passenger  or  bag  is  "Cleared,"  the  passenger  or  bag 
may  be  routed  to  the  aircraft  ("To  A/C")  or  to 
another  inspection  station.  Generally,  if  a  passenger’s 
bag  fails  to  clear  an  inspection,  the  bag  is  sent  to 
another  device  or  procedure  and,  ultimately,  to  a 
hand  search  station  for  final  resolution.  If  an 
explosive  is  suspected,  the  bag  is  sent  to  a  holding 
area  for  explosive  ordinance  disposal. 

The  simulation  model  produces  a  number  of  metrics 
that  can  be  monitored  throughout  the  simulated  period 
and  at  the  end  of  each  simulation  run.  The  measures 
we  routinely  report  are: 

•  Sensitivity.  The  percentage  of  bags  that 
contain  explosives  that  are  detected  by  the 
system. 

•  Specificity.  The  percentage  of  bags  that  do 
not  contain  explosives  that  are  correctly 
cleared  for  boarding. 

•  Time  to  Clear.  The  total  elapsed  time  from 
the  arrival  of  the  first  passenger  until  the  last 
passenger  is  cleared  through  the  system. 

•  Maximum  Passengers  in  the  System.  The 
single  largest  number  of  passengers  that 
were  in  the  system  at  any  one  time  during 
the  simulated  period. 

In  addition  to  these  measures  reported  by  the 
simulation,  we  compute  a  rough  order  magnitude  cost 
for  each  configuration  considered.  Cost  estimates 
include  initial  acquisition  cost  (including  training)  and 
the  annual  operating  cost,  including  costs  for 
personnel  and  support.  A  total  ftve-year  cost  is 
computed  compri.sed  of  the  initial  cost  and  five  times 
the  annual  cost.  No  discounting  is  used  in  these 
ustiroatu.s. 
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PC  simulation  language  and  runs  under  MS-DOS  on 
a  386  platform  with  a  VGA  monitor.  Tins 
configuration  provides  real-time  interactive  modeling 
capability  as  well  as  dynamic  graphic  color  graphics 
displays  of  the  simulation  in  progress.  Typical  run 
times  for  processing  1200  passengers  and  their 
checked  bags  are  2-3  minutes,  depending  upon  the 
amount  of  interaction  that  occurs  during  the 
simulation  run. 

3.  INITIAL  ANALYSES 

One  of  the  most  difficult  tasks  in  developing  and 
demonstrating  the  simulation  model  was  finding 
reasonable  data  to  characterize  the  EDS  technologies 
and  procedures.  Except  for  the  TNA  System,  no  hard 
performance  data  exist.  In  fact  quantification  of 
performance  data  of  many  of  the  available  techniques 
is  quite  difficult  to  obtain  and  significant  effort  will 
be  required  to  obtain  it.  Because  of  the  short  time 
frame  for  our  work,  we  tuned  to  SAIC  experts  for 
descriptions  of  technologies  available  and  for  initial 
rough  estimates  of  the  required  parameters.  We 
focused  our  efforts  on  currently  or  soon  to  be 
available  technologies  and  procedures.  These  included 
both  manual  and  automated  profiling,  TNA  with  X- 
ray  (or  XENIS  --  X-Ray  Enhanced  Neutron 
Inspection  System),  vapor  detectors  ("sniffers"), 
enhanced  X-ray,  focused  hand  search  (where  the 
inspector  knows  a  specific  area  of  the  bag  to  examine 
based  on  information  from  a  previous  device)  and 
unfocused  hand  search  (where  the  inspector  has  no 
prior  information  about  the  bag).  Initial  parameter 
estimates  used  are  shown  in  Table  1. 

Our  reasons  for  limiting  our  initial  work  to  available 
technologies  and  procedures  were  (1)  to  be  able  to 
use  reasonable  parameter  estimates  and  (2)  to 
facilitate  examining  test-bed  configurations  that  the 
FAA  is  considering  for  field  testing.  No  matter  how 
valid  the  simulation  logic  may  be,  without  field 
testing  of  the  devices  to  validate  the  parameter  values 
and  provide  accurate  estimates,  the  simulation  cannot 
provide  reliable  results.  However,  the  simulation  will 
assist  analysts  in  determining  which  proposed 
configurations  of  systems  make  sense  to  field  test  and 
which  are  obviously  less  attractive  from  the  very 
beginning.  After  field  test  data  are  available  to  refine 
parameter  estimates,  the  simulation  model  can  be 
used  to  evaluate  other  configurations  that  might  prove 
too  costly  or  have  too  great  an  operational  impact  for 
operational  testing. 
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to  include,  wo  selected  configurations  to  use  in  our 
initial  analyses.  We  briefly  reviewed  how  the  TNA 
devices  are  being  u.sfd  in  New  York’.s  Kennedy 
Airport  and  London’s  Gatwjck  Airport,  and  how  El 
Al  handles  security  checks  in  Tel  Aviv.  We  visited 
Washington’s  Dulles  Airport  to  observe  how  United 
Airlines  is  using  the  TNA  .system.  Finally,  we 
conducted  a  brainslt)rming  session  to  identify 
potential  configurations  that  employed  other 
technologies  and  procedures.  We  began  our  work 
with  eleven  possible  configurations,  reducing  them  to 
eight  important  configuration.  Figure  3  shows  an 
example  configuration  based  on  a  highly  simplified 
view  of  how  XENIS  is  employed  at  Gatwick. 

Based  on  historical  data  from  Gatwick,  v/e  used  the 
model  to  determine  the  number  of  stations  that  would 
be  needed  to  handle  approximately  1,200  passengers 
arriving  over  a  three  hour  time  period  for  a  flight. 
We  wanted  to  have  enough  stations  to  process  all  the 
passengers  in  as  close  to  three  hours  as  possible.  By 
monitoring  the  simulation  as  it  ran,  we  could  observe 
where  queues  were  building  and  then  estimate  the 
number  of  stations  needed.  We  tried  to  reduce  the 
maximum  number  of  people  in  the  system  at  any  one 
lime  to  a  number  that  we  felt  was  reasonable.  Once 
we  had  a  reasonable  configuration,  we  ran  the 
simulation  a  number  of  times  to  obtain  average 
results  and  then  computed  a  rough  order  of 
magnitude  cost  estimate  for  the  system. 

Summary  graphs  of  the  eight  initial  cases  evaluated 
are  shown  in  Figure  4.  Table  2  shows  the  actual 
configuration  of  the  devices  used  in  each  case.  In 
each  case,  the  number  of  devices  or  stations  was 
chosen  to  ensure  that  the  1200  arriving  passengers 
were  processed  in  a  reasonable  time.  Figure  4(b) 
shows  the  delay  after  the  last  passenger  arrived  until 
all  passengers  cleared  the  EDS.  Note  that 
configuration  "A”  with  manual  profiling  resulted  in 
the  greatest  delay,  clearing  the  last  passenger  about 
14  minutes  after  the  last  passenger  arrived. 
Configurations  "F",  "G",  and  "H"  use  parallel  rather 
than  sequential  logic.  That  is,  if  either  device  or 
procedure  alarms,  the  bag  must  be  hand  searched.  As 
would  be  expected,  the  Sensitivity  (see  Figure  4  (a)) 
for  these  configurations  is  high,  but  additional  hand 
search  stations  are  required  to  clear  false  alarms  (see 
Table  2).  In  all  other  cases,  as  soon  as  the  passenger 
or  bag  clears  one  procedure  or  inspection  device,  the 
bag  is  cleared  for  boarding.  Cases  *D"  and  "E"  are 
identical  except  that  case  "E"  has  one  additional 
automatic  profiling  station.  Note  the  resulting 
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reduction  in  delay  time  and  maximum  passengers  in 
the  system. 

The  results  of  these  runs  are  interesting,  but  one  must 
remember  that  the  values  used  were  for  illustrative 
purposes  only.  The  real  benefits  of  this  modest  effort 
are  the  demonstration  that  a  more  vigorous 
quantitative  analysis  approach  can  provide  insights 
and  different  ways  to  look  at  the  problem,  and  that 
using  a  computer-based  simulation  offers  a  viable 
method  for  examining  system  metrics  that  cannot  be 
easily  calculated  because  of  the  synergism  of  various 
components.  This  simple  simulation  is,  by  no  means, 
the  answer  or  tool  to  solve  the  EDS  problem. 
However,  there  are  a  number  of  ways  that  this 
approach  can  be  used  in  examining  the  explosive 
detection  problem,  and  a  higher  re.soIution  simulation 
could  and  should  be  developed  to  help  in  this  systems 
approach. 

4.  POTENTIAL  USES  OF  THE  SIMULATION 

As  the  FAA  continues  to  grapple  with  the  air  travel 
security  problem,  it  faces  the  dilemma  of  whether  to 
call  for  fielding  of  imperfect  systems  or  to  wait  until 
a  new  technique  or  device  can  be  evaluated  to  see  if 
it  is  the  "answer."  A  simulation  such  as  the  one 
described  above  can  be  used  to  examine  various 
system  combinations  in  an  operational  environment. 
This  provides  a  low-cost  method  for  assessing 
proposed  techniques  or  equipment,  thus  allowing 
more  than  one  configuration  to  be  tested  with  a 
minimal  change  to  the  overall  site.  This  allows  the 
FAA  to  begin  a  testing  program  of  the  currently 
available  detection  devices  while  other  EDS  programs 
continue  in  the  R&D  mode. 

Naturally,  as  test-beds  are  designed,  testing 
procedures  must  also  be  developed  for  use  at  the  test 
sites.  The  design  of  operational  tests  is  a  difficult  and 
time  consuming  process  that  carries  significant 
ramifications  not  only  in  terms  of  safety  for  millions 
of  travelers,  but  also  in  financial  implications  for  the 
airlines  and  the  EDS  designers  and  manufacturers.  As 
a  prerequisite  for  designing  detection  devices  and  the 
operational  tests,  the  operational  requirements  that  the 
systems  must  meet  must  be  determined  and 
announced.  More  sophisticated  simulation  models 
could  be  used  by  the  FAA  to  assist  in  determining 
operational  parameters  and  in  validating  test  results. 
The  importance  of  developing  valid  tests  cannot  bo 
over  stres.sed  because  of  the  safety  and  financial 
significance  such  tests  have.  Simulations  can  help 


uncover  flaws  in  the  tests  that  may  not  be  discovered 
until  after  the  expense  of  conducting  the  test  has  been 
incurred.  The  use  of  .such  a  tool  is  also  likely  to 
develop  an  increased  sense  of  confidence  in  the  tests 
and  their  ability  to  determine  the  capabilities  of  a 
specific  EDS. 

Development  and  use  of  a  simulation  tool  such  as  this 
has  added  benefits  that  may  not  be  readily  apparent. 
As  the  simulation  is  run,  questions  or  observations 
will  surface  that  allow  systems  developers  and 
funding  agencies  to  identify  areas  where  additional 
research  is  needed.  This  allows  the  FAA  and  others 
to  focus  R&D  efforts  and  to  apply  limited  R&D 
funds  more  efficiently.  Simulations  also  point  out 
areas  that  require  better  data  and  greater  analytical 
emphasis.  For  instance,  the  simulation  may  indicate 
that  a  number  of  bags  will  be  awaiting  additional 
inspection,  but  developers  are  not  certain  how  much 
space  is  available  in  a  specific  airport  for  holding 
bags.  The  model  would  help  determine  the  amount  of 
space  needed  .so  that  data  could  be  gathered 
concerning  available  space  for  baggage  storage  and 
passenger  waiting  at  the  airports  being  considered  for 
the  test-bed  activities.  These  types  of  analyses  help 
make  analysts  more  aware  of  the  ramifications  of  the 
total  system  and  more  knowledgeable  about  the  total 
impact  that  their  reconunendations  may  have. 

Another  possible  use  of  this  model  would  be  to  use  it 
in  conjunction  with  other  models  used  to  assess  the 
explosive  detection  problem.  One  model,  developed 
at  the  Institute  for  Transportation  Studies  (ITS)  at  the 
University  of  California  at  Berkeley,  examines  the 
operational  impacts  on  airlines  of  using  some  type  of 
explosive  detection  device  to  screen  all  international 
baggage  throughout  the  U.S.  The  two  models  could 
form  a  type  of  hierarchical  structure  with  the  SAIC 
model  providing  inputs  for  ITS  model  to  examine 
delays  in  airline  flights  or  quantities  of  bags  that  miss 
their  flights  due  to  the  time  needed  to  screen  them. 
Such  a  combination  offers  a  comprehensive 
examination  of  potential  system  configurations  and 
airport  layouts  without  incurring  the  expense  of  actual 
system  purchases.  It  could  help  save  money  by 
allowing  airlines  and  security  personnel  to  oistimate 
the  number  of  people  needed  during  peak  hours  of 
the  day. 

5.  CONCLUSIONS 

The  authors  were  originally  challenged  to  find  some 
system  measures  of  effectiveness  that  were  different 
from  the  individual  detection  devices'  MCE.  In  the 
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course  of  examining  this  large  problem  of  baggage 
screening,  a  computer  simulation  has  been  developed 
that,  if  imaginatively  applied,  can  assist  in  the 
examination  of  a  wide  variety  of  operational 
problems.  We  have  demonstrated  that  a  simple 
computer  tool  can  be  quickly,  yet  effectively,  applied 
to  a  seemingly  very  difficult  problem  to  provide 
insights  to  the  interaction  and  synergism  of  several 
components  of  an  overall  system.  Complex  problems, 
such  as  this  problem  of  insuring  that  unaccompanied 
baggage  is  safe  to  load  on  the  aircraft,  must  be 
examined  in  their  total  operational  context  in  order  to 
make  wise  decisions  about  solutions.  Tools  such  as 
the  computer  simulation  discussed  here  help  provide 
the  decision  maker  with  a  better  understanding  of  the 
operational  consequences  of  decisions  and  help 
develop  sound  and  rational  choices. 


7.  Ott,  James,  "Airlines,  FAA  Bolster  Research 
Efforts  to  Intensify  Detection  of  Aircraft  Bombs", 
Aviation  Week  &  Space  Technology,  March  25, 
1991. 

8.  Report  of  the  President's  Commission  on 
Aviation  Security  and  Terrorism,  Washington,  D.C., 
May  15,  1990. 

9.  Yeaple,  Judith,  "The  Bomb  Catchers",  Popular 
Science,  October  1991. 


BIBLIOGRAPHY 

1.  Committee  on  Aviation  Security,  National 
Materials  Advisory  Board,  Reducing  the  Risk  of 
Explosives  on  Commercial  Aircraft,  National 
Academy  Press,  Washington,  DC,  1990. 

2.  Fotos,  Christopher  P.,  "Aviation  Security  Act 
Puts  TNA  Buy  on  Hold",  Aviation  Week  A  Space 
Technology,  March  25,  1991. 

3.  Gosling,  Geoffrey  D.  and  Mark  M.  Hansen, 
PmcHeabUity  of  Screening  International  Cheeked 
Baggage  for  V.S.  Airlines,  Research  Report  UCB- 
1TS-RR-90>14,  Institute  of  Transportation  Studies, 
University  of  California  at  Berkeley,  July  1990. 

4.  Henderson,  Brock  W.,  "FAA  Stays  Undecided  on 
Dqiloying  TNA  Amid  Conflicting  Views  and  Test 
Results”,  Aviation  Week  A  Space  Technobgy, 
March  25, 1991. 

5.  Hughes,  David,  ‘Explosive  Detection  Equipment 
Finns  Develop  Enhanced  X-ray  and  Vapor 
Technologies”,  Aviation  Week  A  ^ce  Tedmology, 
March  25, 1991. 

6.  MacKenxie,  F.D.,  J.W.  O'Orady,  P.W. 
Rempfer,  L.  Frenkel,  and  J.E.  Kuhn,  Atdadon 
Explosives  Security,  Analysis  of  the  Cheeked 
Baggage  System,  U.S.  Department  of  TramporUtion, 
Research  and  Special  Programs  Adnunisiratioo,  Final 
Report  No.  FAA-RD-79-30.  April,  1990. 


884 


UMd  ia  loitiai  Analjws 


885 


blish 


887 


for  EDS  OperaHonal  Analysis 


888 


Figure  2.  Simplified  View  of  Simulation  Model  Logic 


Arriving 


889 


Figure  3.  EOS  Configuration  Based  on  Gatwick  Airport  (Cases  D  and  E  in  Rgure  4) 
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Figure  4.  Results  from  Selected  Cases  Based  on  Initial  Analysis 
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1.  INTRODUCTION 

The  technology  of  terrorism  has  outpaced  airport 
security.  A  recent  review  of  airport  bomb  detection 
technologies  (Yeaple,  1991)  indicated  that  the  metal 
detecting  and  x-ray  devices  currently  in  place  are  not 
capable  of  detecting  plastic  explosives.  Though  there 
is  a  new  generation  of  devices  which  promise  to 
significantly  improve  detection  of  explosives,  oumy 
of  these  devices  are  stili  in  development  and 
prototype  stages.  Further,  most  of  these  devices  are 
large,  fixed-base  and  expensive.  There  is  however, 
a  *technology*  which  is  mobile,  relatively 
inexpensive,  and  has  been  field  tested  under  a  wide 
variety  of  conditions  for  many  years.  That,  of 
course,  is  the  dog/human-handler  explosives  detector 
team. 

In  our  modem  world,  technology  has  provided 
mechanical  devices  to  fulfill  functions  formerly 
provided  by  humans  and  animals,  but  the  dog's 
combination  of  sensory  acuity,  mobility,  and  bond 
with  humans  leaves  it  uniquely  qualified  as  a  tracker 
and  detector  for  which  thm  is  no  mechanical 
surrogate.  In  addition  to  its  continued  use  in  hunting 
and  locating  missing  persons,  dogs  are  currently 
being  used  in  a  wide  variety  of  other  search  tasks,  all 
presumably  depending  on  olfactory  sensitivity.  For 
example,  in  the  United  Kingdom  d^s  have  beM  used 
to  locate  and  retrieve  parts  from  crashed  aircraft  at 
the  RAF  Faraborough  base  (Boorer,  1969)  and  by  the 
police  to  locate  unknown,  but  suspected  burial  sites 
(Lewis,  1991).  Of  course,  det^ing  contrsband 
items  at  mqjor  airpotts  and  ports  of  entry  has  been 
and  remains  one  of  the  detector  dog's  primary 
Amctions.  the  U.S.  Customs  Service  (Francis,  1990 
a,b,o),  the  Department  of  Agriculture  (Eastwood, 
1990),  and  the  Federal  Aviation  Adroinistiation 
regularly  employ  dogs  to  detect  drugs,  contraband 
food  and  pla^  and  explosivea  at  ports  of  departure 
and  entry. 


There  is  extensive  precedent  for  the  use  of  dogs  as 
explosives  detectors.  The  U.S.  Army  has  funded 
several  projects  (e.g.,  Carr-Harris  and  Thai,  1970; 
Nolan  and  Oravitte,  1977)  which  have  demonstrated 
the  dog's  ability  to  detect  mines,  trip  wires,  and 
tunnels.  These  capabilities  were  subsequently  tested 
in  the  war  in  Viet  Nam.  Based  on  the  U.S. 
experience  in  Viet  Nam,  the  government  of  Thailand, 
beginning  in  1970,  developed  300  teams  of  mine- 
detecting  dogs  and  their  handlers  to  locate  and 
remove  mines  left  by  various  inKirgent  groups 
(Francis,  1991a).  In  1989  the  Thias  sent  14  train^ 
mine-detecting  dogs  to  be  used  in  Afghanistan 
(Francis,  1991b').  The  Soviets  left  50,000,000  mines 
in  roadways,  airstrips,  and  towns.  Commerce  was  at 
a  standstill.  Many  mines  were  buried  too  deeply  to 
be  detected  by  metal  detectors.  Mine  clearing  by 
teams  using  only  metal  detectors  proceeded  at  200 
meters  of  highway  per  day  whereas  dog  teams 
avenged  2  to  4  kilometers  of  highway  clesrance  per 
day.  These  14  dog  teams  cleared  2,473  mines  from 
636  kilometers  of  road  and  two  airstrips.  No  dogs  or 
humans  were  lost  or  iryured.  There  are  now  50  dog 
teams  at  work  in  Afghanistan,  the  remainder  trained 
under  the  auipicee  of  USAID. 

More  qiecifio  to  airport  security,  the  FAA  has 
trained  handlers  sod  dogs  to  be  deployed  as 
explosives  detectors  at  mqjor  airports  thnMighout  the 
U.S.  where  they  are  used  to  aeer^  aircraft,  vehicles, 
and  freight  and  baggage  areu  in  the  event  of  an  alert. 
U.S.  Customa  and  the  Department  of  Agriculture 
have  extensive  training  programs  for  "atifrer”  dogs 
to  detect  comrabiod  dfujpi  and  food  and  plant  items. 

Until  recently,  moet  of  the  *evideiK»*  for  the  dog's 
keen  lenae  of  smell  was  anecdotal.  Cocoperative 
anatomical  itudiea,  however,  iodicete  that  doga  have 
e  highly  developed  olfectoiy  apparatus  Theihapsof 
the  dntll  and  the  sir  pissaget  are  particularly 
appropriate  (or  wanning,  moiitening,  and  moving  ahr 
over  the  olfiimocy  epithelium.  That  olfiKtory 
epitheliuffl  is  Urge  (30  times  larger  than  that  of 
humans)  and  convoluted  and  coiuairu  a  Urge  number 
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of  receptors  (20  to  40  times  as  many  as  humans). 
Each  of  those  receptors  contains  6-16  cilia  (twice 
the  number  of  human  receptors).  Since  the  dog's 
nares  are  completely  separated  by  a  septum,  it 
essentially  has  a  bilateral  separation  of  olfactory 
stimuli  which  allows  it  to  detect  the  direction  and/or 
location  of  an  odorant  source  similar  to  directional 
hearing  or  auditory  localization. 

Both  laboratory  and  field  studies,  varying  in 
procedures  and  precision,  all  agree  that  the  dog’s 
absolute  sensitivity  for  a  given  chemical  is 
considerably  greater  than  that  of  humans. 
Psychophysical  studies  of  canine  olfactory  sensitivity 
suggest  that  dogs  can  detect  chemicals  in  molar 
concentrations  3  -  4  log  units  less  than  those  detected 
by  humans.  Table  1  summarizes  some  observations 
from  several  studies  about  the  thresholds  of  dogs  to 
a  variety  of  odorants. 

Not  much  is  known  about  the  dog’s  differential 
sensitivity  to  odor  intensity,  but  the  alleged  ability  of 
the  dog  to  track  an  individual  in  the  correct  direction 
suggests  that  it  is  discrimiruting  a  fine  gradient  in 
odor  intensity,  lire  successes  of  dogs  in  tracking  and 
in  detecting  contraband  items  and  explosives  suggests 
that  they  are  capable  of  ignoring  distractors  and 
attending  to  the  signal  odorant.  The  detector  dog 
training  program  at  Lackland  APB  has  demonstrated 
that  dogs  can  be  readily  trained  to  respond  to  each  of 
several  members  of  a  class  of  odorants  while  ignoring 
a  variety  of  distractors.  A  recent  study  by  Craig 
(Personal  Communication)  analyzed  the  training  of  82 
drug  detector  dogs  in  the  Lackland  Detector  Dog 
Training  School.  German  Shepherds.  Belgian 
Malinois,  German  Shoithaired  Pointers.  Beagles, 
English  Pointers,  Labrador  Retrievers  and  Cairn 
Terriers  were  trained  to  detect  marijuana,  hashish, 
cocaine,  and  heroin.  The  dogs  were  trained  to  aearch 
war^ouses,  occupied  and  unoccupied  buildings, 
aircraft,  vehiolm,  theaters,  open  areas  (woods  or 
fields)  and  luggage.  They  attained  a  90  to  95% 
proficiency  level  within  twdve  weeks. 

Thtne  is  often  a  tradeoff  between  sensitivity  and 
aeiectivity  in  designing  electronic  detectors.  As  the 
device  becomes  more  sensitive  it  brings  in  more 
signals  and  cannot  select  between  them. 
Consequently,  the  tirget  signal  becomes  lost  in  the 
noise  of  the  other  signsU.  The  usuil  remedy  is  to 
reduce  the  sensitivity.  The  dog  seems  to  be  an 
olfactory  detector  with  a  high  degree  of  seastUviiy 
which,  by  training,  can  also  be  made  highly  selective 
without  lost  of  sensitivity. 


The  current  machme  technology  is  almost  exclusively 
fixed-ba.se,  and  most  machine  detectors  are  still  in  the 
developmental  stage.  Several  of  the  larger  systems 
are  still  in  the  prototype  stage  and  won’t  even  be 
available  for  testing  until  1994  to  1996.  The  cost  of 
dog-handler  team  training  is  a  mere  fraction  of  the 
cost  of  current  bomb  detection  devices.  Dog  teams 
are  mobile  and  reliable  within  known  training  limits. 
They  also  enjoy  a  reputation  for  accuracy  such  that 
the  deterrent  and  public  relations  aspects  of  detector 
dog  technology  is  an  important  psychological  factor 
which  cannot  be  over  estimated. 

A  current  problem  with  detector  dogs  is  that  the  dogs 
frequently  exhibit  a  decline  in  performance  over  time 
alter  deployment  to  the  field  which  requires  checking 
and  constant  retraining.  Additionally,  when 
performing  a  search  task  dogs  become  tired  after 
approximately  30  to  120  minutes  of  work  which 
suggests  the  need  for  two  or  more  dogs  in  each 
location,  the  number  depending  on  the  size  of  the 
airport  and  the  number  of  machine  detectors  in 
operation.  Of  course,  the  machine  detection  devices 
also  require  regular  checking  and  recalibration. 

Several  federal  agencies  have  dog  teams  in  place  and 
have  their  own  training  facilities,  e.g.,  the  Customs 
facility  at  Front  Royal,  VA.  The  Department  of 
Agriculture  also  trains  its  own  dogs.  FAA  contracts 
the  training  to  the  U.S.  Air  Force  which  trains  the 
FAA's  dogs  at  Lackland  AFB. 

Recently,  Public  Law  101-45  mandated  that  the  FAA 
review  its  explosives  detection  procedures  and  initiate 
research  to  evaluate  various  forms  of  explosive 
detection  technologies  including  the  explosives 
detector  dog  teams,  litis  paper  reviews  that 
technology  and  suggests  rasearch  vidiich  would  albw 
its  integration  with  machine  technologies. 

2.  A  BRIEF  EVALUATION  OF  EXPLOSIVES 
DETECTOR  DOG  TEAM  TECHNOLOGY 

When  crude  order  of  magnitude  calculations  to 
estimate  the  mean  concentrations  of  various 
expl0!4ve.s  chemical  cues  in  the  field  are  compared 
with  the  upper  bounds  for  reported  laboratory  dog 
olfactory  thrasholds.  it  appears  that  the  number  of 
molecules  that  could  be  emitted  from  a  concealed 
explosive  arc  large  enough  to  be  detected  by  a 
canine's  sense  of  smell  (Caine.  Mason  &  Morton 
1985).  It  is  al.so  quite  possible  that  chemical  cues  of 
low  volatility  may  be  iranspoited  to  chemical  sense 
organs  such  as  the  dog's  vomeronasal  system  via  dust 
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particles  or  water  droplets,  particularly  from  targets 
that  have  been  concealed  for  a  long  period  of  time. 
The  aerodynamics  of  odorant  di^rsal  over  short 
ranges  suggests  that  the  distribution  of  odorant  in  the 
atmo^here  usually  consists  of  pockets  (or  plumes  or 
filaments)  of  high  concentration  comingled  with 
pockets  of  air  that  contain  virtually  no  odorant.  Odor 
detection  imder  these  conditions  requires  a  sampling 
strategy  that  optimizes  the  likelihood  of  sampling  an 
odorant  containing  filament.  This  implies  that  the 
sensor  must  be  properly  oriented  with  respect  to  the 
prevailing  wind  and  that  the  positions  of  eddies  (or 
odorant  plumes)  be  located.  Dogs  invariably  orient 
their  noses  downwind  from  possible  odor  sources  and 
their  vibrissae  are  exquisitely  sensitive  to  air  currents. 
Thus  dogs  are  able  to  maximize  the  number  of 
molecules  reaching  their  noses  through  any 
instantaneous  advection.  This  gives  the  dog  a 
substantial  advantage  over  artificial  detectors,  because 
it  can  move  its  nose  to  sample  eddies  in  a  nonrandom 
fashion.  There  is  no  convenient  way  for  humans  to 
visualize  these  eddies;  therefore,  an  optimal  strategy 
for  sampling  with  a  hand  held  detector  device  would 
be  random  sampling  unless  otherwise  directed  by  a 
canine. 


2.1  Specificity 

Dogs  can  search  for  contraband  concealed  both  on  the 
person  or  in  bags  or  packages  carried  by  a  passenger 
and  can  do  so  effectively  even  in  areas  where  there 
are  large  numbers  of  people  in  close  proximity. 
Dog/handler  teams  are  mobile  search  units  which  are 
particularly  well  suited  for  searches  of  areas  such  as 
aircraft,  vehicles,  cargo,  baggage  lockers, 
warehouses  and  terminals.  Well  trained  explosive 
detector  dog  teams  offer  mobility,  speed  and  accuracy 
which  cannot  be  matched  by  current  artificial  detector 
technology.  Portable  machine  systems  may  augment 
or  complement  the  detector  dog  teams’  effectiveness, 
however  in  certain  environments  such  as  in  aircraft 
searches  and  in  time-critical  tasks  prior  to  explosive 
ordinance  disposal  (EOD)  operations  the  dog  team 
has  no  competition.  Finally,  the  detector  dog  teams’ 
reputation  as  a  highly  reliable  contraband  detection 
technology  has  powerftil  psychological  value  both  as 
a  deterrence  to  potential  terrorist  activity  as  well  as 
for  maintaining  the  public’s  confidence  in  airport 
security  measures  against  terrorism  during  periods  of 
international  tension  or  social  unrest. 


2.2  Sensitivity 

The  training  program  at  Lackland  AFB  demonstrates 
that  a  variety  of  dog  breeds  can  be  trained  to 
correctly  detect  all  of  the  nine  major  explosives  on  at 
least  95%  of  the  test  trials  prior  to  certification. 
Higher  performance  levels  of  98%  or  99%  correct 
detections  are  also  possible  but  are  not  cost  effective 
imder  current  training  protocols.  Maintenance  of 
these  high  proficiency  levels  following  deployment  of 
the  detector  dog  to  die  field  is  a  significant  problem 
which  has  not  been  adequately  addressed  to  date.  A 
human  factors  task  analysis  of  the  handler/dog 
interface  is  a  necessary  first  step  to  developing 
improved  handler  and  dog  selection  and  training 
procedures.  Research  to  determine  the  dog’s  absolute 
thresholds  for  the  nine  major  explosives  and 
investigations  of  various  meAods  for  enhancing 
sensitivity  are  long  overdue.  Thus  the  physiological 
limits  of  the  detector  dog  technology  have  not  as  yet 
been  defined.  We  believe  that  new  behavioral  and 
pharmacological  strategies  could  be  utilized  to 
produce  a  superior  explosives  detector 
dog/man/maclwe  system. 

2.3  Cost 

Currently  the  cost  of  training  a  detector  dog  and  a 
handler  at  Lackland  AFB  is  approximately  $18,000. 
The  yearly  salary  of  the  handler  who  is  responsible 
for  the  care  and  maintenance  of  detector  dog’s  skills 
varies  depending  on  the  agency  which  supports  the 
team  as  well  as  the  handler’s  experience  and  years  of 
service.  Ideally,  multiple  dog  teams  should  be 
deployed  to  all  Category  X  airports  in  the  USA. 
However,  significant  problems  in  maintaining  the 
skill  and  proficiency  of  certified  dog  teams  after 
deployment  to  the  field  have  been  consistently 
identified.  Research  to  study  methods  to  remedy 
these  problems  and  to  improve  the  dogs’  performance 
should  be  funded. 

2.4  Relation  of  Detector  Dog  Teams  to  Other 
Methods  and  Possible  Systems  Interactions 

Machines  usually  must  sacrifice  some  degree  of 
sensitivity  for  selectivity  in  order  to  avoid  losing  the 
target  signal  among  the  noise  of  other  signals  whereas 
dogs  can  be  trained  to  be  highly  selective  for  the  nine 
explosives  without  loss  of  senritivity.  All  available 
information  indicates  that  detector  dog  teams  are 
potentially  reliable,  the  current  problems  with 
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maintaining  their  skills  after  deployment  not 
withstanding.  Detector  dogs  which  are  in  place  at  all 
major  airports  are  certified  95%  correct  at  time  of 
deployment.  Dogs  don’t  need  to  be  recalibrated 
during  a  search  if  their  skills  are  appropriately 
maintained.  They  could  be  utilized  in  conjunction 
with  a  variety  of  machine  explosive  detector 
technologies  to  reduce  the  false  alarm  rate  following 
a  potential  detection  by  a  mechanical  device.  They 
also  offer  mobility,  speed  and  a  known  level  of 
accuracy.  When  a  time-critical  search  for  explosives 
must  be  made  within  a  closed  space  like  an  aircraft, 
only  the  dog  can  indicate  where  to  focus  a  physical 
search  by  the  EOD.  And  only  a  dog  can  then  be 
used  in  that  same  closed  space  following  the  disposal 
of  the  first  bomb  to  search  for  a  second  explosive 
device. 

In  other  instances,  a  portable  machine  explo.sives 
detector  device  could  be  used  to  complement  the 
detector  dog  team  during  the  search  of  a  warehouse 
or  luggage  locker  by  indicating  a  general  area  to  be 
subsequently  searched  by  the  dog  team.  Dogs  have 
a  time  limited  search  capacity  in  that  they  can  only  be 
motivated  to  work  effectively  for  periods  of  30-120 
minutes  at  a  time  without  a  break.  Once  on  line,  a 
machine  will  work  for  a  period  of  20  hours  or  more 
without  maintenance  or  recalibration.  Using  a 
portable  ED  machine  to  limit  the  length  of  the  dog's 
search  by  indicating  speciftc  areas  to  be  examined 
would  assist  the  dog  to  maintain  .sufficient  motivation 
to  work  efficiently  and  to  conserve  its  energy  during 
a  time-critical  search  in  areas  where  machine  EDs 
would  be  less  effective  or  unable  to  set  up  and 
operate. 

Potentially  a  detector  dog  team  could  also  be  used  to 
back  up  a  machine  baggage  examination  system  such 
as  a  mass  spectrometer  using  batch  sampling 
techniques  for  screening  pultels  or  cargo  containers. 
The  required  throughput  speed  of  baggage  handling 
could  be  preserved  if  a  detector  dog  team  could  be 
held  in  re-serve  to  search  if  the  machine  indicates  the 
prc.sence  of  explosives  in  a  container.  Ordinarily  this 
requires  a  manual  search  of  all  baggage  to  determine 
which  one  contains  contraband,  or  it  requires  .several 
secondary  .sanrqrlea  be  taken  in  a  binary  search 
technique.  Both  of  these  arc  prohibitively  lime 
consuming  and  costly.  Howev'er,  a  dog  specifically 
trained  for  this  puipoae  could  rapidly  identify  the 
paiticular  item  of  baggage  containiiig  the  explosive 
when  the  pallet  or  container  is  unloaded  thu.s  avoiding 
the  physii^  search  of  most  of  the  baggage  end  saving 
at  least  80A  of  the  time  which  otherwise  would  be 


necessary  to  physically  search  each  bag.  We  are  not 
proposing  that  dogs  be  used  to  .screen  all  bags  but 
rather  to  use  them  as  a  back  up.  This  would  utilize 
the  best  aspects  of  both  systems. 

The  major  problem  for  deployed  detector  dog  teams 
is  the  decline  in  performance  over  time  following 
assignment  to  the  field.  This  implies  a  need  for 
procedures  for  maintaining  readiness  of  the  dog  at  an 
acceptable  level  of  proficiency  through  regularly 
scheduled  retraining  and  proficiency  testing. 
Portable  machine  detectors  could  also  assist  dog 
handlers  during  training  and  retraining  to  guard 
against  contamination  of  search  areas  by  training 
aids,  and  to  avoid  contamination  of  the  dog’s  coat  by 
training  aids. 

It  is  also  important  to  maintain  the  efficacy  of  the 
motivating  reinforcer  by  means  of  appropriate 
scheduling  of  reinforcement  following  deployment  to 
the  field.  Examples  are  feeding  dogs  10-15%  less 
than  normal  so  that  they  will  be  motivated  to  work 
for  food  reinforcers  or  avoiding  making  the  dog  a  pet 
and  taming  it  so  that  chasing  a  ball  will  be 
reinforcing.  Then  giving  training  which 
systematically  reinforces  correct  performance.  Many 
dogs  live  at  the  home.s  of  their  handlers.  This  may 
have  both  positive  and  negative  features  (e.g.,  weight 
gain  or  access  to  reinforcers  such  as  too  much  play, 
taming,  etc.)  Handlers  inu.st  be  alert  to  any  decline 
in  perfomumce  and  aware  of  the  consequences  of  any 
retraining  procedures  or  to  any  possible  extraneous 
influences  or  factors  which  could  result  in  unexpected 
performance  decrements.  The  handler  must  also  he 
capable  of  taking  appropriate  remedial  action  if  this 
occurs.  Tlie  recent  recertification  procedures  for 
PAA  detector  dog  which  had  an  unacceptably 
high  failure  rate,  suggests  that  the  selection,  training, 
and  supervision  of  handlers  following  deployment 
needs  serious  .scrutiny. 

2.5  Cumnt  Status 

Several  federal  agencies  have  dog  teams  in  place  and 
either  have  their  own  training  facilities,  or  contract 
the  whole  operation  to  private  contractors  who 
provide  the  dog-handler  teams  to  a  vuri'ly  of 
consumers  e.g.,  f'AA  dog.s  trained  at  LackiamI  AFB. 
However,  although  detector  dog  lea-its  are  currently 
in  place  at  major  facilities  acro.s.<-‘  the  country  wc  are 
not  sure  bow  well  '.lioir  skills  aie  Hjtng  maintained. 
Public  Law  101  >45  mandates  th  it  the  PAA  review  iLs 
explosives  detection  prtwedures.  Unfortunately,  as  of 
this  dale  in  late  ’91  no  research  etTort  to  accontplish 
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this  for  the  detector  dog  technology  is  in  progress. 
A  research  effort  should  be  initiated  to  study  the 
multiple  possibilities  for  utilizing  dogs  as  explosives 
detectors  both  as  primary  first  line  detection  systems 
and/or  as  back  up  systems.  This  should  include 
investigations  of  methods  of  improving  the  training 
and  the  sensitivity  of  dogs  as  well  as  the  selection, 
training,  and  supervision  of  handlers. 

2.6  Research 

The  methods  to  be  described  in  this  section  are 
technologically  and  behaviorally  complex.  They  are 
sketched  here  to  indicate  that  the  behavioral 
methodology  for  measuring  sensitivity  and  the 
technology  for  measuring  the  physical  stimulus  are 
currently  available.  However,  their  use  would  be 
unwise  if  not  impossible  for  anyone  who  has  not  had 
advanced  training  in  psychophysics  and  behavioral 
science.  We  believe  t^t  the  detector  dog  technology 
is  good;  however,  no  one  knows  how  good.  We  also 
believe  that  methods  exist  to  improve  it  as  well. 
Since  the  dog  teams  are  currently  in  place  and 
functioning  it  makes  sense  to  investigate  how  good 
they  currently  are,  how  good  they  could  become,  and 
ways  to  integrate  them  with  other  technologies.  The 
thesis  of  this  paper  is  that  it  is  currently  possible  and 
economically  feasible  to  develop  a  superior  explosives 
detection  system  for  airport  security  which  integrates 
dogs,  men  and  machines.  However,  in  order  to 
achieve  this  goal  several  basic  and  applied  research 
projects  need  to  be  accomplished. 

2.6.1  Evaliution  of  Current  Detector  Dog  Team 
Skills 

At  the  time  of  deployment  detector  dogs  trained  on 
all  nine  miyor  explosives  odors  are  certified  to  be 
capable  of  95%  correct  detections.  However,  their 
performance  frequently  deteriorates  following 
dqtloyment  to  the  field.  Whether  this  is  due  to  their 
original  traiiung  (e.g.  with  contaminated  training 
aids)  or  to  poor  skill  maintenance  or  to 
fflismanagemenl  by  the  handler  is  at  present 
undetermined.  Therefore,  an  empirical  evaluation  of 
currently  deployed  dog/bandler  explosives  detector 
teams  in  a  standardized  field  trial  needs  to  bo 
performed  by  an  otyective  aivd  independent  research 
team.  We  need  to  evaluate  currently  deployed 
detector  dog/handler  teams  in  a  well  controlled  and 
entirely  novel  test  environment  in  order  to  assess 
their  ability  to  detect  pure  uncontaminatesd  explosive 
vapiirs;  to  aineiM  their  abilitie.s  to  detect  sUmdard 
training  aids  (contaminated  by  handler  or  dog  smells 


as  well  as  by  naturally  occurring  masking  elements), 
and  to  compare  these  results  with  the  detection  of 
"pure"  vapors  of  explosives.  We  also  need  to  nnake 
direct  comparisons  with  a  variety  of  vapor  and 
particle  detector  devices. 

2.6.2  Determination  of  Canine  Olfactory 
Detection  Thresholds  for  the  Nine  Mt^or 
Explosives 

Absolute  detection  thresholds  for  explosives  vapors 
need  to  be  determined  in  order  to  establish  the 
theoretical  limits  of  the  dog’s  olfactory  explosive 
detection  abilities.  We  also  need  to  study  both  sexes 
and  a  variety  of  breeds  to  determine  if  there  are 
important  breed  and  sex  differences  in  the  dog’s 
explosives  detection  abilities.  This  will  allow  the 
selection  of  the  best  breeds  for  training  relative  to 
both  chemosensory  sensitivity  and  operational 
requirements.  Finally,  comparisons  should  be  made 
to  mechanical  explosive  detectors  to  determine 
whether  the  dog  can  do  a  better  job,  or  could  be  used 
in  coi\junction  with  or  to  back  up  a  machine  detector. 
Even  if  the  dog  is  more  sensitive,  but  unable  to 
sustain  high  performance  levels  for  more  than  30 
minutes,  it  may  still  be  an  effective  back  up  for  a 
machine  with  lower  sensitivity  in  order  to  reduce  the 
false  alarm  rate  to  an  acceptable  level. 

2.6.3  Measurement  of  Olfactory  Thresholds  in 
Canines 

Over  the  past  40>S0  years  there  has  been  a  consistent 
effort  by  researchers  in  olfaction  to  measure  the 
responses  of  animals  and  humans  to  different 
concentrations  of  a  wide  variety  of  odorants.  The 
single  most  commonly  generated  measure  from  these 
studies  is  the  absolute  threshold.  Although  there  are 
a  variety  of  definitions  of  this  term  (see  Engen  1971 
for  an  excellent  review  of  this  topic  as  it  relates 
specifically  to  olfaction),  it  is  generally  taken  to  mean 
the  lowest  concentration  of  odorant  that  can  be 
detected.  Concentrations  higher  than  this  are 
required  for  odor  identification.  Concentrations 
lower  than  threshold  cannot  be  identified  through  the 
olfactory  receptors.  They  may  be  identifiable  on  the 
basis  of  some  other  attribute  such  as  their  ability  to 
act  as  irritants  to  the  nasal  or  ocular  systems. 

Progress  in  the  study  of  olfaction  in  dogs  has 
improved  with  the  advent  of  the  olfactometer  so  that 
odors  can  be  presented  in  a  more  controlled  way. 
Trial  characteristics  and  odor  concentrations  can  now 
be  accurately  specified.  Modem  procedures  for 
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measuring  thresholds  with  animals  (animal 
psychophysics)  involve  conditioning  techniques  to 
establish  different  behaviors  in  the  presence  and 
absence  of  odor.  Once  this  training  is  complete,  the 
concentrations  are  lowered  until  no  evidence  of 
detection  is  seen.  The  ability  to  respond  differently 
to  odor  and  clean  air  declines  in  an  orderly  manner 
with  decreases  in  concentration  and  supports  the 
interpretation  that  a  conqilete  absence  of  this  ability 
indicates  the  absence  of  odor  sensations.  More 
practically,  threshold  measurements  in  a  given  species 
provide  an  estimate  of  the  minimum  concentration 
required  in  order  for  particular  odorant  to  influence 
behavior  in  the  natural  environment.  The  most 
straightforward  means  of  comparing  different  animals 
or  different  species  for  odor  sensitivity  is  to  examine 
their  thresholds  for  the  same  compounds.  Powerful 
animal  psychophysical  procedures,  such  as 
conditioned  suppression  brings  behavior  under  precise 
control  for  psychophysical  measurements.  This 
allows  the  investigator  to  more  precisely  define  the 
"edge"  of  the  detection  threshold.  While  it  is 
relatively  easy  to  demonstrate  that  dogs  can  make  use 
of  airborne  chemical  cues,  it  is  far  more  difficult  to 
maintain  odor  stimulus  control  when  stimulus 
concentrations  approach  the  limits  of  a  dog’s  sensory 
capacity.  A  variety  of  procedures  have  been 
developed  to  accomplish  this.  Most  have  used 
reinforcement  techniques  coupled  with  either  response 
lever  or  body  placement  (e.g.,  nose  positioned  in  the 
correct  odor  port)  to  register  a  response.  The 
method  of  conditioned  suppression  combines  both 
appetitive  reinforcement  and  aversive  conditioning 
(see  Smith  1970  for  a  review  of  this  procedure). 

Systematic  comparative  research  is  needed  to 
determine  which  canid  species  is  better  at  judging 
intensity  differences  and  how  this  ability  may  be 
influenced  by  nonoifactory  factors  such  as  nasal 
irritation  and  respiration  (sampling  rate).  This 
research  is  predicated  on  the  use  of  newly  developed 
olfactometers,  newly  developed  control  techniques 
and  reliable  psychophysical  methods  in  order  to 
obtain  more  reliable  detection  thresholds  and  make 
direct  comparisons  of  different  canid  species. 

Walker  (1989)  has  pointed  out  the  need  for  adequate 
controls  of  stimulus  concentration  and  purity,  as  well 
as  the  need  to  avoid  psychological  "impurity"  (the 
perception  of  irritation  as  well  as  odor)  and  the  use  of 
procedures  which  avoid  biasing  subjects  to  either 
over-report  or  under-report  odor  stimulation.  Walker 
has  also  reported  that  total  volume  of  air  breathed 
increases  as  an  inverse  function  of  concentration  of 


odorant  in  air.  His  data  suggest  that  even  when  there 
is  no  psychophysical  evidence  of  detection  of 
suprathreshoid  concentration  of  an  odorant,  e.g.  in  an 
anosmic  subject,  there  are  respiratory  changes  to  odor 
stimuli  at  concentrations  within  the  range  of  the 
psychophysical  thresholds  of  normals.  These  data 
provide  strong  evidence  that  one  or  more 
nonolfactory  systems  are  stimulated  by  odorants  at 
concentrations  at  least  as  low  as  the  psychophysical 
threshold  for  normals.  These  changes  occur  in 
several  aspects  of  respiratory  behavior  and  appear  to 
be  due  to  stimulation  of  the  trigeminal  receptors  on 
the  surface  of  the  cornea  and  in  the  nasal  cavity. 
Thus  it  seems  essential  to  record  psychophysical, 
physiological  and  behavioral  measures  in  order  to 
characterize  an  animal’s  chemosensory  detector 
capabilities. 

An  automated  system  designed  and  recently  patented 
by  J.C.  Walker  is  available  for  the  measurement  of 
the  psychophysical,  physiological,  and  behavioral 
responses  of  dogs  to  odorant  stimulation  of  the  nose. 
All  aspects  of  the  generation  and  production  of  odor 
stimuli  from  explosive  molecules,  the  recording  of 
physiological  and  p.sychophysical  responses  of  the 
subjects  and  the  storage  of  data  are  managed  by  an 
Af^le  lie  computer.  The  nasal  olfactometer  is  based 
on  electronic  mass  flow  controllers  which  are  used  to 
control  the  ratio  of  volume  flow  rates  of  clean  and 
odorant-saturated  air.  The  output  of  the  olfactometer 
is  measured  by  a  photo-ionization  detector.  Odor 
stimuli  are  delivered  to  fitted  face  chambers  that 
allow  stimulation  of  nose  through  teflon  (rtm)  flow 
valves.  A  video  camera  and  a  pneumotechognq>h,  in 
combination  with  a  pressure  transducer  records 
changes  in  respiration  and  behavior.  A  nose  key  is 
used  to  enter  the  dog’s  operant  responding  for  water 
reinforcement  directly  into  the  computer.  Odorant 
and  control  stimulus  presentations  are  controlled  by 
the  computer  which  presents  equal  numbers  of  each 
during  periods  of  operant  responding  which  are 
matched  for  response  and  reinforcement  rate  and 
density. 

3.  AN  EXAMINATION  OF  THE  PROCEDURES 
FOR  THE  SELECTION  AND  TRAINING  OF 
NEW  TEAMS  AND  FOR  THE  REHEARSAL 
OR  RETRAINING  OF  DEPLOYED 
DETECTOR  DOG/HANDLER  TEAMS 

We  need  to  examine  the  practices  and  procedures  for 
selection,  training  and  skill  maintenance  of  detector 
dog/handler  teams  by  means  of  human  factors  task 
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analysis  of  the  man/dog  inteiaction  in  detector  team 
training.  If  as  we  suggest  a  portable  ED  is  to  be 
added  to  the  dog  team  it  would  be  important  to 
perform  the  task  analysis  of  the  three-way  man/dog/ 
machine  interaction. 

3.1  Task  Analysis 

The  purpose  of  a  task  analysis  is  to  evaluate  a 
procedure  by  identifying  its  components  and 
determining  how  these  individual  components 
integrate  into  an  efficiently  functioning  entity. 
Typically,  a  task  analysis  is  used  to  match  human 
operators  to  con^lex  jobs  requiring  the  use  of 
equipment.  The  ability  and  training  required  for  an 
optimum  match  among  operator-equipment-outcome 
can  be  identified  and  the  conditions  and  criteria  for 
subsequent  evaluations  and  modiflcations  can  be 
specified.  Task  analyses  are  routinely  done  to  match 
humans  and  equipment.  The  present  situation 
presents  a  unique  opportunity  to  optimize  a  three-way 
match  among  dogs,  hunums,  and  equipment. 

The  strong  probability  exists  that  aiiport  security  can 
be  maximized  by  the  integration  of  the  dog-handier 
explosives  detector  team  with  the  newly  developed 
machine  detection  technologies.  The  task  analysis 
procedure  can  identify  those  responsibilities  which 
are  best  allocated  to  the  dog  handler  team  and  those 
which  can  be  most  effectively  done  by  machine 
technology.  Furthermore,  a  task  analysis  can  tell  us 
when  and  where  the  two  systems  can  best  supplement 
and  complement  each  other. 

The  process  of  task  analysis  has  four  main  parts. 
They  are:  identifying  tasks,  determining  system 
structure,  developing  a  functional  task  description 
which  can  take  any  one  of  several  forms,  e.g.  a  flow 
chart,  and  defining  work  modules  (Bailey,  1982). 
Task  analysis  must  not  only  consider  the 
characteristics  of  tasks,  but  also  of  people  and  work 
settings  (Guion,  1981).  A  completed  task  analysis 
logically  leads  to  the  identification  of  performance 
based  criteria,  preparation  of  instructional  materials 
and  training  procedures,  and  development  of 
evaluation  techniques. 

Identifying  tasks  essentially  focuses  on  the 
information,  skills,  and  performance  levels  that  need 
to  be  developed  in  order  for  humans  (and,  in  this 
case,  dogs)  to  perform  the  tasks  as  described 
(McCormick,  1976).  This  requires  that  the  system 
analysis  consider  such  factors  as  current  knowledge 
and  skills  required  in  related  work  systems,  skill  level 


categories  and  task  conq>lexity,  redundancy  among 
tasks,  and  integration  of  the  tasks  in  meeting  the 
overall  purpose  of  the  work  system.  Task 
identification  often  proceeds  by  successive 
approximation,  repeating  several  times  until  the 
integration  of  the  system  and  its  woric  force  are 
thoroughly  understood. 

System  structure  refers  to  the  relative  complexity  of 
the  various  tasks  involved  in  a  piece  of  work.  It 
describes  the  work  system  in  regard  to  the 
proportions  of  simple,  moderately  corrqrlex,  and 
higUy  complex  tasks  it  contains.  This  description 
suggests  the  level  of  experimce  required  of 
individuals  altering  training,  the  extent  to  which 
previous  experience  will  transfer  into  the  system,  and 
how  quickly  one  should  master  the  training. 
Functions  are  statements  of  required  work  which 
incorporate  tasks  with  similar  requirements  and  levels 
of  complexify.  The  structure  of  an  already  extant 
system  can  be  identified  and  compared  with  that  of  an 
"ideal*  system  suggested  by  the  task  identification 
process  above. 

A  task  description  in  the  form  of  a  task  level  flow 
chart  is  then  developed  to  illustrate  the  integration 
and  interdependence  of  the  tasks  which  make  up  the 
work  system.  This  stage  provides  a  check  on  the 
previous  stages,  identifying  omissions  and 
unnecessary  redundancies.  When  this  stage  is 
completed,  the  work  modules  can  be  defined. 

A  work  module  is  a  basic  unit  of  work  (Bailey, 
1982).  It  is  the  set  of  tasks  that  the  worker  must 
accomplish  in  completing  a  part  or  all  of  the  work 
system.  Work  modules,  however,  can  be  made  up  of 
tasks  from  several  different  functions  (see  system 
structure  above).  A  fiuiction  is  a  statement  of 
required  work,  but  a  work  module  is  a  description  of 
the  woric  (task  set)  to  be  accomplished  by  a  specific 
person. 

A  description  of  the  work  system  in  terms  of  tasks, 
functions,  and  modules  must  include  the 
characteristics  of  the  work  settings  and  of  the  people 
to  do  the  work  (Guion,  1981).  Work  settings  are 
typically  described  by  work  space,  organizational, 
managerial,  and  social  variables.  Work  qrace 
variables  include  descriptions  of  areas,  structures, 
vehicles,  barriers,  numbers  of  people,  and  condition 
such  as  temperature,  lighting,  noise,  and  humidity. 
Organizational  variables  deal  with  the  chain  of 
command  and  managerial  variables  describe  the 
management  policies  and  communications  within  that 
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chain  of  command.  Social  variables  consider  the 
work  climate;  e.g.,  attitudes  of  confidence, 
cooperation  among  colleagues,  competitiveness, 
stress,  etc. 

Characteristics  of  people  are  the  individual  difference 
variables  which  qualify  one  for  training  and 
placement  in  the  work  system.  They  can  include 
physiological  responses,  sensorimotor  capability,  task 
proficiency,  task  related  knowledge,  information 
processing,  personality  or  temperament,  and  attitudes. 

Once  the  task  description  has  been  completed,  the 
system  structure,  as  it  currently  exists  can  be 
evaluated  for  efficiency  and  any  improvements 
identified  and  instituted.  Subsequent  pnx^ures 
would  be  directed  at  revising  training  procedures, 
producing  training  aids,  and  developing  field  test  and 
evaluation  techniques  and  methods  for  maintaining 
the  proficiency  of  the  dog/handler  teams  in  the  field. 

4.  BASIC  RESEARCH  ON  ENHANCING 
ODOR  SENSITIVITY  AND  IMPROVING 
ODOR  DETECTION  TRAINING 

Data  from  drug  detector  dogs  trained  at  Lackland 
APB  Detector  Dog  School  (Craig,  Personal 
Communication)  indicate  that  the  average  dog  will 
learn  to  detect  an  odor  at  any  of  four  locations  and 
respond  fifteen  consecutive  times  correctly  in  six 
days.  They  will  learn  to  discriminate  subsequent 
odors  to  the  same  criterion  in  two  days.  Positive 
transfer  of  training  occurs  when  dogs  are  trained  on 
more  than  one  odor  since  the  number  of  trials 
required  to  learn  the  subsequent  odors  decreases. 
These  data  also  indicate  that  task  sequence,  sex,  and 
breed  are  not  important,  at  least  with  present  training 
and  selection  procedures.  Final  certification  averages 
35  training  days  with  a  standard  deviation  of  14  days. 

Although  we  understand  how  dogs  are  currently 
trained  to  discriminate  odors,  there  are  several 
pharmacological  and  behavioral  techniques  for 
sensitization,  potentiation,  and  enhancement  of 
detection  techniques  which  need  to  be  evaluated  for 
their  applicability  to  the  detector  dog  training 
procedures. 

4.1  The  Influence  of  Selected  Drugs  on  Mea¬ 
sures  of  Olfactory  Sensitivity 

The  degree  to  which  olfactory  sensitivity  can  be 
enhanced  by  pharmacologic  agents  has  received  little 
attention,  although  recent  studies  suggest  that  some 


drugs  can  enhance  or  depress  the  odor  detection 
performances  of  rats.  For  example,  at  very  low 
doses  (.2  mg/kg),  amphetamine  enhances  detection 
performance  of  rats  to  the  odorant  ethyl  acetate, 
whereas  at  slightly  higher  doses  (1.2  mg/kg)  this  drug 
depresses  such  performance,  without  significantly 
altering  motor  performance,  per  se  (Doty  & 
Ferguson-Segall,  1987).  Recent  data  suggest  that 
these  eftects  may  be  due  to  difterential  stimulation  of 
dopamine  D-1  and  D-2  receptors.  Thus,  the 
dopamine  D-1  agonist  SKF  38393  enhances  detection 
performance,  whereas  the  dopamine  D-2  agonist 
quinpirole  depresses  such  performance  (Doty,  Li, 
Pfeiffer  &  Risser,  1990). 

Despite  such  observations,  it  is  important  to  note  that 
a  number  of  drugs  which  adversely  alter  odor-guided 
behaviors  in  the  field  have,  in  fact,  little  influence  on 
olfactory  sensitivity,  per  se  (e.g.  fluprazine 
hydrochloride;  Doty,  Li  &.  Risser,  1990).  Thus, 
rigorous  psychophysical  evaluation  of  not  only  the 
effect  of  a  drug  on  olfactory  sensitivity  but  of  other 
related  factors  is  needed;  for  example,  some  drugs 
may  alter  olfactory  function  via  shatpening  of  the 
signal  to  noise  ratio  in  a  complex  signal  or  by 
altering  odor  memory.  Studies  should  explore  the 
influence  of  a  number  of  pharmacologic  agents, 
including  catecholanergic,  serotonergic,  and 
cholinergic  agonists,  on  tests  of  olfactory  detection, 
odor  discrimination,  and  odor  memory. 

4.2  A  New  Behavioral  Technology  for  Biosen- 
sation 

A  new  behavioral  strategy  for  the  detection  of  flavors 
(compounds  of  taste  and  odor  in  solution)  that,  until 
recently  has  been  used  primarily  for  the  study  of 
ingestional  learning,  recently  has  been  brought  to 
bear  on  the  problems  of  improving  odor 
discriminations  in  animals.  It  has  proved  extremely 
successful  in  the  learning  of  discriminations  between 
various  flavors.  This  technique  involves  pTe.sentation 
of  a  flavor  for  a  brief  (leriod  of  linte  (e.g.,  10  min) 
prior  to  administration  of  a  malaise-producing 
chemical,  lithium  chloride.  Aversions  to  the  flavor 
are  produced  after  only  one  pairing  of  the  flavor  and 
lithium  chloride.  This  technique  has  allowed  the 
examination  of  the  retention  of  flavor  aversions 
across  time  and  the  behavioral  mechanisms  of  flavor 
memory. 
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4.3  Retention  of  Flaror  Memory 

Recent  investigations  have  demonstrated  that  a  flavor 
aversion  appears  to  be  stronger  as  many  as  21  days 
after  the  flavor  was  originally  paired  with  lithium 
chloride  than  it  was  1  day  after  this  pairing.  Since 
flavor  aversions  are  known  for  their  strength,  it  is 
surprising  to  observe  that  these  aversions  were 
weaker  1  day  after  they  were  learned  than  they  were 
as  much  as  3  weeks  after  they  were  learned. 

When  a  complex  flavor  is  consumed  and  followed  by 
internal  malaise,  the  aversions  established  to  the 
various  conq>onent8  of  this  flavor  are  often  weaker 
than  they  are  when  the  elements  ate  conditioned 
separately.  For  example,  when  a  strong  bitter  taste 
such  as  denatonium  saccharide  and  a  weaker  sweet 
taste  such  as  saccharin  are  paired  with  lithium  illness 
(conditioned),  the  aversion  to  denatonium  is  weaker 
than  when  conditioning  occurs  only  to  denatonium 
alone  if  both  tests  for  conditioning  are  performed  one 
day  after  the  taste  illness  pairings,  llus  diminution 
of  learning  is  known  as  oTCCshadowing  but  could 
also  be  thought  of  as  the  eftbrt  of  masking. 
However,  when  sweet  saccharin  and  bitter 
denatonium  are  conditioned  in  compound  and  tested 
three  weeks  later,  aversions  to  the  saccharin  are 
greater  than  when  conditioning  occurs  only  to  the 
sweet  saccharin  element.  This  aihancemeot  of  flavor 
aversion  ia  called  potentiation  and,  at  least 
empirically,  is  the  opposite  of  overshadowing.  The 
context  (environment)  of  both  the  conditioning  and  of 
tlie  testing  has  been  found  to  influence  the 
manifhstatioo  of  flavor  memories  in  the  following 
way:  The  novel  taste  and  the  malaise  experienced 
during  flavor  aversion  conditioning  sensitizes  the 
contextual  stimuli  present  on  this  occasion.  If  these 
contextual  stimuli  are  cmt  fuither  funiliarized  or 
extinguisM  before  the  flavor  is  tested  in  the 
presence  of  Uiese  contextual  stimuli,  they  will 
interfere  with  the  retrieval  of  the  flavor  memory. 
This  retrieval  interference  is  more  likely  to  occur  if 
the  flavor  iverticHi  U  tested  1  day  after  cooditioning 
Ihsn  21  days  after  cooditioning  because  the 
conditioning  environment  will  not  have  been 
rtiiabituated  or  extinguished.  Flavor  avertioos  to  the 
saccharin  were  stronger  if  imimats  rqtent  the  interval 
between  cooditiooini  and  testing  in  the  conditioning 
context  (in  other  waaidSt  if  the  conditioning  occurred 
in  the  home  cage). 

Tbeae  findings  have  tifnifictnt  importance  for  the 
training  of  exploaive  detector  dogs  in  the  foUowing 


ways:  First,  the  effectiveness  of  an  odor  as  a 
training  stimulus  can  be  increased  through 
manipulation  of  the  interaction  with  taste.  Second, 
retention  of  an  odor  memory  can  be  improved  with 
time  if  the  novelty  of  the  background  cues  in  the 
testing  aivironment  is  reduced  through  rq)eated 
exposure  or  fiuniliarization.  One  determinant  of  how 
re^y  a  flavor  memory  can  be  retrieved  is  the 
presence  of  contextual  stimuli  wUch  can  interfere  or 
compete  with  the  retrieval  of  a  flavor  memory.  To 
prevent  retrieval  coiq>etition  at  the  time  of  a  test,  the 
contextual  stimuli  around  which  the  test  occurs  should 
be  familiar  and  any  contextual  stinuili  that  were 
present  during  conditioning  should  be  refamillatized. 
This  implies  that  an  unbiased  objective  test  of  a  dog 
team’s  potential  explosives  detection  skills  should 
actually  be  conducted  in  an  entirely  novel  and 
unftuniliar  environment  (simulating  tiie  real  worid). 
On  the  other  hand,  training  and  actual  aearchiog 
would  benefit  from  presenting  stimuli  which  were 
present  during  the  initial  training  (reminders). 

Applications  of  these  findings  could  be  brcHight  to 
bw  on  the  training  of  dogs  to  detect  explosives  in 
the  following  ways: 

1)  This  method  should  allow  the  rapid  acquiaitioo  of 
conditioned  reqMNuet  to  exploaivea  vapora.  We 
believe  dogs  could  he  trained  to  detect  target 
odora  preaented  in  taate/odor  compounda  (flavors 
in  tolutioo)  in  only  a  fow  triala.  Uaing  thia 
method,  one  could  reti^y  produce  both 
conditioned  aversiona  to  taate>in*folutioii  and 
conditioned  preferences  to  odoraoin*solutioo. 
Additionally, sconditiooed  inhibition  methodology 
could  be  employed.  The  conditioned  inbiUtion 
procedure  midces  target  stimulus  B  one  which 
predicts  a  period  of  aafety  in  the  context  of  danger 
to  riimulua  A.  Stimulus  B  could  be  the  odor  of 
the  exptoeive  to  be  drtected  u^ch  would  be 
appetitiveiy  conditioned  by  psdiing  it  with 
recovery  from  illaeas  (condoned  (neference) 
while  stimulua  A  c<^  be  an  avetaiimly 
conditioned  taste.  Twite  A  could  Uien 
■dminiifteitd  st  the  bejdtudni  of  a  eeer^  to 
provide  a  mildly  aversive  excititory  context  (the 
dangerous  context)  to  set  the  oocasion  for 
perfonDanoe  of  the  task  of  detecttng  (the  safety 
ligoal)  odor  B.  the  administration  of  this 
remind  (taste  A)  in  tim  field  should  facilitate  the 
peffitrmanoe  of  a  search  for  expioiivei  vapors. 
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2)  This  new  method  should  yield  high  resistence-to- 
extinction  of  the  conditioned  responses.  A 
persistent  problem  in  bomb-detecting  dogs  is  that 
their  behavior  deteriorates  over  time.  Conditioned 
odor  preferences  in  rats  have  persisted  (failed  to 
extinguish)  for  as  long  as  they  have  been 
measured.  Therefore,  by  implication,  this  new 
training  method  should  avoid  the  rapid 
deterioration  of  performance  currently  occurring 
with  present  training  techniques.  Theoretically, 
once  established,  these  conditioned  responses 
should  be  relatively  permanent.  Dogs  trained 
using  the  condition^  inhibition  procedures  should 
need  minimal,  if  any,  retraining  in  the  field. 

3)  Sensitivity  enhancement.  Conditioned  inhibitory 
procedures  theoretically  should  sharpen 
discriminations  for  target  odors.  Animal 
psychophysical  methods  used  to  measure  odor 
thresholds  could  in  theory  be  improved  if 
conditioned  inhibition  procedures  were 
incorporated  into  the  animal  training  regimen. 

5.  FUTURE  DIRECTIONS 

The  dog's  history  as  a  domesticated  animal  and  its 
sensitivity  to  most  odors  makes  it  ideal  to  train  as  an 
explosives  detector.  Although  data  on  vapor  phase 
chemical  cues  for  explosives  suggest  they  may  not  be 
powerful  odorants,  careful  psychophysical 
determinations  of  olfactory  thresholds  for  explosives 
need  to  be  accomplished  on  representative  samples  of 
canines  in  order  to  establish  whether  dogs  can 
reliably  detect  the  vapors  of  explosives  at  the  low 
pressures  emitted  from  concealed  sources.  We  are 
aware  that  vapor  phase  chemical  cue  estimates  of 
homogeneous  transport  suggest  that  the  impurities  in 
explosives  are  more  likely  to  provide  a  basis  for 
olfKtory  detection  than  the  explosives  vapors 
themselves.  However,  if  dogs  can  be  shown  to  detect 
pure  explosives  at  these  low  vapor  pressures,  a 
behavio^  technology  now  exists  which  can  train  the 
dogs  to  perform  reliably.  An  immediate  research 
effort  is  needed  to  obtain  this  vital  information  as 
Welt  as  to  integrate  new  machine  based  technology 
with  the  current  detector  dog  team  technology.  These 
technologies  could  be  complementary  and 
supplementary  and  will  provide  the  redundancy 
neceaiary  in  a  system  whi^  must  have  the  level  of 
fail-safes  that  airport  security  requires.  This 
inlegntion  would  alio  help  to  minimize  passenger 
delays  due  to  baggage  iospeciioo.  The  owbility  of  the 
dog  and  the  speed  with  which  it  can  sweep  a  given 
area  to  identify  the  general  location  of  a  bomb  or 


bombs  is  a  quality  that  no  mechanical  device,  fixed 
base  or  portable,  can  yet  duplicate.  The 
determination  of  explosives  detection  thresholds  for 
dogs,  the  human  factors  analysis  of  the  training 
procedures,  the  actual  field  testing,  and  the 
subsequent  study  and  improvement  of  recertification 
and  retraining  procedures  is  of  great  importance. 
This  information  will  make  it  possible  to  have  dog 
teams  fimetioning  on-site  more  quickly,  to  deploy 
them  more  widely  and  at  a  far  lower  cost  than  the 
current  machine  technologies  development  promise. 
When  improved  machine  technologies  do  come  on 
line  and  are  integrated  with  the  new  detector  dog 
team  technology,  airport  security  will  be  even  further 
improved. 
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Table  1.  Canine  thresholds  (in  molecules/cc)  for  various  odorants, 
(after  Caine,  Mason,  &  Morton,  198) 


Odorant 

Thresholds 

acetic  acid 

5  12 

5x10,6x10  , 

18 

2x10 

amyl  acetate 

5  11 

1x10  ,  2x10 

butyric  acid 

4  9 

1x10,  3x10, 

16 

3x10 

caproic  acid 

4x  10^  2x  lrf° 

17 

2  X  10 

caprylic  acid 

4  8 

5x10,  5x10, 

16 

3x10 

formic  acid 

14  19 

3x10  ,  2x10 

haptanoic  acid 

00 

X 

o 

heptylic  acid 

8 

3x10 

isobutyric  acid 

4  X  10^ 

propionic  acid 

5  11 

3x10,1x10  , 

17 

1  X  10 

valeric  acid 

4  10 

4x  10,  9x  10  , 

17 

3x10 
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1.  INTRODUCTION 

For  purposes  of  this  paper,  Explosive  Detection 
Systems  (EDS)  will  include  Thermal  Neutron 
/malysis  (TNA),  Fast  Neutron  Analysis  (FNA), 
Puls^  Fast  Neutron  Analysis  (PFNA),  and  Gamma 
Resonance.  These  techniques,  either  by  virtue  of 
demonstrated  performance  or  from  their  promise 
based  on  preliminary  findings,  are  all  accepted 
explosive  detection  techniques.  These  techniques  all 
share  conunon  characteristics.  They  ate  expensive, 
both  to  acquire  and  to  operate.  They  are  large. 
They  incorporate  complicated  technology.  The 
technology  they  use  is  unique. 

These  characteristics  taken  as  a  whole  are  a  recipe 
for  high  costs.  Economies  of  scale  are  limit^. 
Availability  of  trained  persotmel  is  non-existent.  The 
limited  application  resulting  from  the  cost  factor 
results  in  Ugher  support  costs.  Qualified  suppliers 
are  scarce.  Lead  times  are  long.  Volume  production 
is  not  feasible.  Development  is  costly,  so  prototypes 
often  move  directly  into  production. 

Further  exacerbating  this  difficult  situation,  system 
requirements  are  demanding.  EDSs  must  be 
available,  reliable,  accurate,  maintainable, 
supportable,  and  ufe.  Levels  of  performance, 
th^ght  to  be  acc^itable  only  a  matter  of  months  ago, 
are  in  a  state  of  flux. 

How  then,  in  the  Ace  of  these  seemingly 
insurmountable  challenges,  do  we  design  and  develop 
systems  and  equipment  that  meet  our  needs  tt 
compsmea,  agencies,  governments,  and  w  a  people? 
The  answer  lies  not  in  panaceas  or  miracle  cures. 
This  paper  will  ofifier,  at  least  u  a  partial  solutloa,  an 
approach  utilizing  proven  methods  across  a  broad 
spectrum  of  techniques  and  a  recognition  that  the 
success  of  these  efforts  lies  in  your  individusl 
creativity  and  iogeauity. 


2.  LOGimCS  AND  THE  "ILITIES” 

A  story  has  been  told,  and  attributed  to  Werner  Von 
Braun,  of  the  eariy  days  of  rodcet  development  in 
Germany.  It  seems  that  a  requirement  for  a  highly 
reliable  punq>,  with  high  capacity,  low  weight,  and 
high  availability  was  identified.  Scientists  and 
engineers  carefully  qrecified  and  delated  the 
tradeKiffs  between  various  design  parameters.  When 
the  dust  settled,  a  crack  team  was  put  to  work  on 
designing  the  pump.  Nearly  two  yean  later,  at 
enormous  cost  of  time  and  effort,  the  punqr  was 
ready  for  testing.  Itworked.  When  the  pump  was  in 
the  process  of  being  integrated  into  ^  first 
manufacturing  run,  a  worker  asked  why  a  standard 
pump,  currently  in  use  on  fire  engines  (which, 
inciikntally,  met  all  the  design  criteria),  had  not  been 
used.  There  was  no  credible  answer.  Two|»ecious 
years  were  lost  because  certain  types  of  knowled^ 
were  thought  to  have  little  or  no  value  to  the  task  at 
hand.  Anecdotes  abound,  all  with  a  similar  measage, 
early  involvement  by  those  not  traditionally  ttiouidd 
to  be  a  part  of  the  de^  proceae  can  pay  uaeiVeGted 
dividends. 

Fundamental  to  the  approach  we  are  recommending 
is  the  conrepr  of  iaterdisclplinBiy  laaeMi. 
Interdisciplinary  teams  bring  fneh  insi^  and  new 
strengths  to  bear.  Their  efficacy  has  bean 
demonstrated  time  and  again.  Tb^  can  when 
ddllfuUy  used,  make  oontributions  not  aoeaMlly 
anticipetad.  Caraftil  aslection  of  the  asakeup  oi 
intisdiiciplinary  teams  can  produce  positive  ica^ 

S.  TECHNIQUES  AND  AREAS  OF  ATfUCA- 
HON 

Logistics,  the  "ilitias*,  syaiem  cngineeriag,  design  to 
cost,  operations  resssrch,  andooocumedangiaairittg, 
to  naaw  a  few,  ate  techniqtiee  of  greet  pramiae. 
Their  potential  for  oontributiM  is  tindied  only  by  the 
imaginatioo  of  a  given  prognai  mansfsr  and  foe 
pmctkal  conelraints  applied  to  the  profmm  La.. 
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schedule  and  budget.  In  order  to  fully  develop  our 
argument  for  the  application  of  these  techniques  we 
will  first  define  the  techniques  we  wish  to 
recommend  and  the  qiecific  areas  where  they  are  best 
iqiplied. 

Logistics  according  to  the  Society  of  Logistics 
Engineers  (SOLE)',  is  ‘the  art  and  science  of 
management,  engineering,  and  technical  activities 
concerned  with  requirements,  design,  and  supplying 
and  maintaining  resources  to  support  objectives, 
plans,  and  operations’. 

Availability  is  the  probability  that  a  system  or 
equipment  will  be  capable  of  operating  at  or  above  a 
^)ecified  level  of  performance  if  called  upon  to  do  so 
at  a  random  point  in  time. 

Reliability  is  an  inherent  characteristic  of  a  design.  In 
simple  words,  this  means  that  when  the  design  is 
complete  you  cannot  improve  its  reliability  without 
altering  the  design  or  its  operating  environment.  It  is 
defined  by  Jones^  as  ‘the  probability  that  an  item  of 
equipment  will  perform  its  intended  mission  without 
failing,  assuming  that  the  item  is  used  within  the 
conditions  for  which  it  was  designed*. 

MainUinabilitv  is  also  an  inherent  design 
characteristic  and,  like  reliability,  ‘what  you  see  is 
what  you  get*.  Without  altering  the  design  or  its 
operating  environment,  you  cannot  change  the 
maintainability  of  a  system  or  product.  According  to 
Blanchard’,  ‘it  pertaiiu  to  the  ease,  accuracy,  safety, 
and  economy  in  the  performance  of  maintenance 
actions'. 

Manahilitv  endtraces  the  diaciplines  of  human  factors 
aogln^rlng  ud  safely  engineering.  It  deals  with 
such  items  u  personnel  requirements,  the 
accomplishinent  of  analyses  and  tradn'Olfs  dealing 
with  human-machtne  relationriiipa,  equipment  design 
(uaclioos,  Ute  determination  of  training  requirements, 
and  the  test  and  evaluation  of  the  human  being  in  the 
system.  And  yea,  you  guessed  it,  it  too  is  an 
ittherent  design  characteristic. 

SuDoortabilitv  is  a  term,  introduced  with 
MIL-STD-138MA.  Logistics  Support  Analysis,  that 
dsBacs  the  degree  to  which  a  system  or  product, 
when  placed  in  its  intended  operating  environment 
and  already  cstshlislied  support  system,  can  be 
economically  supported*. 

Concufrent  Enttneeiint  Meredith  and  Blanchsrd 


offer^  the  following  definition  ‘...a  systematic 
iq)proach  to  the  integrated,  concurrent  design  of 
products  and  their  related  processes,  including 
manufacture  and  support.  This  approach  is  intended 
to  cause  the  developers,  from  the  outset,  to  consider 
all  elements  of  the  product  life  cycle  from  conception 
through  disposal  including  quality,  cost,  schedule, 
and  user  requirements.' 

Life-cvcle  cost  According  to  Blanchard’,  ‘...in 
addressing  the  economic  aspects  of  a  system,  one 
must  look  at  total  cost  in  the  context  of  the  overall 
life  cycle,  particularly  during  the  early  stages  of 
conceptual  design  and  advanced  system  planning. 
Life-cycle  cost,  when  included  as  a  parameter  in  the 
systems  engineering  process,  provides  the  opportunity 
to  design  for  economic  feasibility.' 

4.  APPLICATION 

Techniques  applied  to  the  wrong  areas  are  not  likely 
to  result  in  bmeficiat  results.  Application  of  the 
'ility'  techniques  is  most  appropriate  in  the 
‘development’  areas.  The  following  definitions  are 
offered  to  further  limit  the  area  of  application. 

The  National  Science  Foundation  (NSF)  uses  the 
following  defuiitioas  of  R  &  D  in  its  resources 
surveys: 

1.  Basic  research  has  as  its  objective  "a  fuller 
knowledge  or  understanding  of  the  subject 
undei’  study,  rather  than  a  practical 
applicatioo  thereof." 

2.  Applied  research  is  directed  toward  gaining 
"knowledge  or  understanding  necessary  for 
determining  the  means  by  which  a 
recognized  and  iqieciftc  need  may  be  met." 

3.  Development  is  the  "systemstic  use  of  the 
knowl^ge  or  understanding  gained  from 
research  directed  toward  the  production  of 
useful  materials,  devices,  systems  or 
methods,  including  design  and  deveUqunent 
of  prototypes  and  processes." 

It  is  ev’ident  from  an  examination  of  these  definitions 
that  the  areas  defined  in  2  and  3  will  be  the  most 
•ppropriate  for  logistics  and  the  "ililies".  These 
anas  an  when  product  development  takes  place. 
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Blanchard  reports^  that  41  percent  of  all  scientists 
and  engineers  are  engaged  in  ^jpUed  research, 
development,  and  the  management  of  research  and 
development.  This  numbers  more  than  one  million 
individuals  and  does  not  include  those  performing  R 
&  D  related  functions  through  consulting,  teaching, 
professional  services,  and  others.  Blanchard  also 
states’  that  national  expenditures  for  R  &  D  by 
character  of  wotlc  reveal  that  the  greatest  portion  is 
related  to  the  early  life-cycle  activities  of  applied 
research  and  development.  Of  the  total  dollars 
expended  in  1989  for  R  &  D  activities,  8651  was 
directed  toward  applied  research  and  development. 


5.  MAXIMIZING  THE  BENEHCIAL  EFFECTS 
When? 

Isn’t  there  a  point  beyond  which  the  application  of 
interdiscipliiury  teams  have  a  negative  effect?  Won’t 
this  approach  slow  things  down  in  the  early  stages? 
The  answer  to  these  questions  is,  of  course,  yes.  But 
on  the  other  hand,  waiting  too  long  can  also  have  a 
negative  effect  as  evidenced  by  the  following: 

1.  Blanchard  offers’  ’Experience  has  indicated 
that  a  large  portion  of  the  total  cost  for 
many  systems  is  the  direct  result  of  activities 
associated  with  the  operation  and  support  of 
these  systems,  while  the  commitment  of 
these  costs  is  based  on  decisions  made  in  the 
early  stages  of  the  system  life  cycle.* 

2.  Again  citing  Blanchard’  ’The  costs 
associated  with  activities  such  as  research, 
design,  testing,  production  or  construction, 
operations,  consumer  use,  sod  support  have 
b^  isolated  and  addressed  at  various  stages 
in  the  system  life  cycle,  and  not  viewed  oa 
an  integrated  basis. 

3.  Blanchard  also  reports’  '...costs  of 
operating  and  maintaining  systems 
already  in  use  are  increaring  at 
alarming  rates.’  This  is  dee  primarily 
to  a  combination  of  inflation  and  cost 
growth  from  causes  such  as: 

a.  Engineering  c.’ianges  occurring 
throughout  the  derign  and  develr^rment 
of  a  aystem  m  pioduct  (for  the 
purposes  of  improving  performance, 
addiiig  capability,  e'c.). 


b.  Changing  of  suppliers  in  the 
procurement  of  system  conqNments. 

c.  System  production  and/or  construction 
changes. 

d.  Changes  in  the  logistic  siqipott 
capability. 

e.  Initial  estimating  inaccuracies  and 
changes  in  estimating  procedures. 

f.  Unforeseen  proUems. 

It  has  been  noted  on  occasion  that  cost  growth  due  to 
these  various  causes  has  ranged  from  5  to  10  times 
the  rate  of  inflation  over  the  past  several  decades. 

The  obvious  message  here  is  to  apply  the  techniques 
as  early  in  the  development  process  as  possible,  while 
there  is  still  time  to  have  maximum  favorable  cost 
impact  on  the  design. 

(.  THE  IMPLEMENTATION  PROCESS 

6.1  Chaoie 

Volumes  have  been  written  on  how  to  implement 
change.  Thia  paper  would  not  presume  to  offer 
anything  other  thu  s  few  observations  by  the  authors 
and  leconuneodationa  for  further  reading  on  the 
subject  of  change  and  how  to  implement  it. 

6.2  GcUini  Started 

Do  s  'lessons  leiracd*  analysts  of  a  lecenUy 
completed  prqjecl  and  extract  the  items  that  mig^ 
have  been  avoided  if  the  ‘ililiea*  hid  been  applied  or 
applied  differently. 

Integrate  logistics  and  the  ‘ilities’  into  your  next 
project  planning  session.  Let  them  raise  issues  and 
voice  concerns.  Better  to  dcsl  vrilh  them  when  there 
is  an  opportunity  to  design  problems  out/improve* 
tnenis  in  than  to  attempt  costly  Axes  kter  on. 

7.  THE  PROCESS 

Commencing  with  a  definition  of  a  'need*,  identify 
the  characteristics  desired  by  the  user  when  the 
system  is  deployed  in  the  users  environment.  These 
include,  but  are  not  neoeetarily  limiled  to: 

a.  Functionality  •  Specifi^y  identify 
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what,  how  much,  wh^  and  where  the 
system  will  perfonn. 

b.  Availability  •  Identify  the  minimum 
time  the  user  demands  the  system  be 
operational  and  what  if  any  degradation 
can  be  tolerated. 

c.  Physical  limitations  -  Identify  space, 
weight,  power  consumption, 
configuration  dimensions,  and 
environmental  maximum/  minimum 
requirements. 

d.  Manability  •  Clearly  define  the  human 
interfme. 

e.  Cost  -  Identify  all  cost  limitations  and 
cost  ha:tors.  This  is  not  just  to  define 
tolerable  initial  procurement  cost,  but  to 
look  at  Ufe<ycle  costs  all  of  the  way  to 
system  retirement. 

Once  these  factors  have  been  addressed,  a  team  of 
subject  element  experts  is  assembled  to  begin  concept 
exploration  and  definition.  This  team  should  be 
planned  to  remain  active  on  the  project  until  the 
system  is  turned  over  to  the  customer  for  his  u.se. 
The  team  is  drawn  from  the  required  disciplines  of 
science  and  engineering,  but  must  also  include 
experts  in  logistics  and  'ilities.' 

Working  within  the  cu.stomer  defined  constraints,  a 
system  concept  is  developed  that  includes  functional 
aiid  characteristic  allocations  that  meet  the  'need*  and 
the  customer  imposed  limitstions.  This  i.H  the  most 
important  phase  of  a  system  development  program. 
As  allocalions  of  fitnctions,  availability,  physical 
UmiUtions,  human  factort  and  cost  are  made,  the 
customer  should  be  educated  on  the  trade-offs  that 
were  made  to  teach  these  iltocatioos  and  why  these 
trade-offa  were  choew.  The  castomer  should  be  an 
‘active*  member  of  the  desi^  team.  This  titalegy 
ittiiiifflixeB  surprises! 

Once  the  customer  has  provided  the  desired  system 
chiraclerirtics  and  imposed  his  limiutitms,  a 
aystematie  proccas  .if  allocaiiont  begins.  Each  step 
in  this  proceM  involves  aoily.sis.  trade-offs,  and 
fe-anilysU.  Sytfems  Bag ineeting  ts  not  a  clear-cut 
science.  Many  disciplines  must  be  called  upon  for 
inpuu,  opinions,  and  cvmtribu)iun.s.  In  the  case  of 
Explosive  Detections  Syrtems,  pbysictsu,  cbemiils, 


psychologists,  civil  engineers,  safety  engineers, 
electrical  engineers,  mechanical  engineers  and  others 
are  called  upon  to  conceptualize  and  develop  the 
functionality  of  the  systems. 

But  there’s  more  than  just  the  function  -  namely; 
‘How  long  uill  the  system  function  without  failure?” 
and  *How  much  will  it  cost  -  both  to  procure  and  to 
operate?" 

These  areas  require  to  use  another  group  of 
specialists.  Reliability  engineers,  maintaiiubility 
engineers,  support  specialists,  logisticians, 
mathematicians,  human  factors  analysts  are  just  a  few 
of  the  supporting  engineering  disciplines  required  to 
field  a  successful  EDS. 

8.  UTILIZING  SUPPORTING  DISCIPLINES 

While  functional  allocations  are  being  derived  by  the 
science  and  engineering  staff,  the  availability  analysis 
should  commence.  An  operational  availability 
requirement  or  desire  was  obtained  from  the 
customer.  This  requirement  may  be  so  simple  as  to 
merely  state  ‘I  want  the  system  to  work  98 of  the 
time.”  Or  it  may  be  much  better  defined  with  such 
elements  as  mission  time,  through-put.  maximum 
down-time,  mean  down-time,  minimum  reliability 
provided. 

Regardless  of  the  level  of  detail,  it  is  necessary  to 
obtain  or  develop  information  tmeh  that  r>jquirements 
and  allocations  can  be  made  in  such  a  language  that 
the  required  syrtem  parameters  may  be  defined  in  a 
ctusical  way  by  all  participants  in  the  systems 
engineering  process. 

9.  APPUCATION  NOTES 

9.1  Operalionnl  Availnblltty 

Using  the  term  operational  availability  requires 
letuiiung  to  the  classical  definition  which  was 
previouiiy  provided  in  words  but  is  espre.ssed 
mathemaiically  as 

A.«  MTBF 
MI^Bl-  +  MDT 

Where: 

A.  Operational  Availability 

MTBF  Mean  Time  Between  Failure 
MDT  «  Mean  Down  Time 
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a  customer’s  availability  requirement,  a  trade-off 
must  be  made  between  MTBF  and  MDT. 

The  customer  may  have  provided  minimum 
requirements  lor  either  one  or  both  of  these 
parameters.  In  the  case  of  MTBF,  a  relationsliip  to 
reliability  must  be  made. 

R.  =  6“ 

Where:  R,  =  Reliability 
1  =  Failure  Rate 
=  1/MTBF 
t  =  Mission  Time 

10.  RELIABILITY  CALCULATIONS 

A  very  useful  application  of  the  fundamental 
reliability  equation,  is  to  answer  the  question,  ‘what 
is  my  probability  of  being  in  operation  "x*  hours 
after  begitming  operations?’ 

R  =  e" 

Given  I  =  0.0005 

1  =  failures  per  hour 

t  =  24  hours 

R  =  .988  or  98.8% 
probability  of 
operating  for  24  hours 
without  failure 

Obviously  you  can  manipulate  this  equation  to  solve 
for  any  of  the  variables.  It  is  quite  often  instructive 
to  do  so.  For  instance,  suppose  that  you  wish  to 
know  what  failure  rate  will  give  you  a  90% 
probability  of  operating  for  a  24  hour  period. 

Again,  R  =  e" 

and  1  =  -  In  .9 

24 

s  0.0044  failures  per  hour 

If  one  takes  the  reciprocal  of  the  failure  rate  (I)  you 
obtain  the  time  between  failures,  normally  presented 


for  the  system  described  in  reliability  terms  above, 
1/0.0044  228  hours 

Is  this  acc^table  to  you  and  your  customer?  Yes, 
then  pass  on  this  requirement  to  your  designers  imd 
get  on  with  it.  If  not,  work  with  Ae  parameters  until 
you  have  an  acc^table  set.  Note;  It’s  not 
uncommon  at  this  point  to  discover  that  you  have  a 
situation  that  is  uiuuxeptable  from  a  cost  standpoint, 
i.e.,  you  iutve  met  the  customers  stated  requiremmts, 
but  the  cost  may  be  unaccqrtably  high.  This  must  be 
resolved  and  mutually  acc^table  parameters  agreed 
upoii. 

11.  RELIABILITY  ALLOCATION 

Reliability  allocation  allows  one  to  take  the  individual 
elements  of  a  system  and  provide  each  with  an 
equitable  share  of  the  available  system  reliability. 
C^e  may  start  with  a  very  simple  block  diagram. 
The  block  diagram  is  expanded  element  by  element 
with  the  reliability  of  the  parent  being  allocated  to  the 
children.  This  provides  both  targets  for  designers 
and  tracking  points  for  management.  Expect  the 
allocation  process  to  bring  forth  "screams  of  agony*. 
These  conflicts  must  be  resolved  in  either  of  three 
ways,  (a)  rob  peter  to  pay  paul;  (b)  redesign;  or  (c) 
changed  requiremmts.  Figure  1  depicts  a  typical 
iterative  allocation  process.  Figure  2  shows,  in  a 
different  fomuU,  the  results  of  the  allocation  process. 

12.  HOW  NOT  TO 

Certainly,  we  would  be  remiss  if  we  did  not  offer 
some  ‘words  to  the  wise’  regarding  the  pitfalls 
associated  with  applying  the  specialty  engineering 
disciplines. 

Do  not  be  discouraged  if  your  expectations  are  not 
met.  Re-examine  the  expectations,  the  techniques, 
how  they  were  applied,  and  develop  new  approaches. 
Remember  you  are  tinkering  with  a  process  and  as 
long  as  you  are  improving  the  process  your  efforts 
ere  justified. 

Do  not  use  fear  or  threats.  Use  positive  motivation. 
Note:  its  ok  to  use  the  lessons  learned  and  negative 
results  to  get  peoples  attention,  but  using  those  same 
items  in  a  jawboning  fiuhion  can  result  in  destructive 
backlash  effects. 
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Figure  2.  Allocation  of  Reliability  Requirements 
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1.  INTRODUCTION 

The  addition  or  improvement  of  security  screening 
measures  will  have  an  impact  on  air  carrier 
operations.  This  impact  must  be  at  least  planned  for, 
and  preferably  evaluated  to  optimize  the  choice  of 
systems  and  procedures  to  be  used.  In  order  to  do 
this,  an  economic  model  has  been  constructed  which 
allou's  for  the  comparison  of  different  technologies 
and  procedures  on  a  common  basis. 

This  paper  describes  the  application  of  this  mode!  to 
one  specific  case.  In  this  case,  different  X-ray 
technologies  are  compared  to  see  which  ones  ate 
most  useful  as  a  'secondary*  screening  for  explosives 
in  checked  luggage.  The  diffetent  X-ray  technologies 
are  placed  between  a  Thermal  Neutron  Analysis 
(TNA™,  the  "prirmuy"  screening  systf*  )  and  an 
arbitrary  'tertiary*  screening  system  (here  taken  as 
hand  searching  of  the  luggage).  All  of  the  alternative 
X-ray  systems  are  operat^  at  f  >  same  detection 
rate;  and  system  performance  information  is  used  to 
predict  how  many  bags  are  rejected  to  the  tertiary 
screening  for  Anal  examination.  Note  that  this  is  just 
the  specific  case  under  study;  the  same  modeling 
techniques  can  be  applied  U  combinations  of  other 
systems  to  lead  to  a  coherent  evaluation  of  the 
relative  merits. 

The  different  systems  being  evaluated  have  quite 
different  technologies  for  inspection,  and  thus  will 
have  very  different  strengths  and  weaknesses.  The 
purpose  of  the  economic  model  is  to  systeirtatically 
compare  these  very  different  X-ray  systems  and 
determine  the  operational  and  economic  impact  that 
each  imposes  on  the  air  carrier.  There  are  many 
systems  on  the  market  or  in  advanced  development 
with  a  wide  range  of  size,  performance  and  costs. 
Some  systems  are  expensive  with  excellent 
performance  while  others  are  less  expensive  with 
moderate  performance.  To  achieve  an  overall 
understanding  of  the  cost  and  performance  benefits 


that  a  i^stem  offers,  it  is  important  to  consider  all 
characteristics  of  a  system.  All  of  these  syriens  are 
evaluated  only  on  those  bags  which  are  rejected  by 
the  TNA  as  needrag  further  inflection.  Also,  all  of 
those  systems  are  followed  by  a  tertiary  process 
vriiich  may  include  human  intervention  or  destructive 
testing.  While  the  cost  of  the  fertiaty  process  is 
relevant  to  the  study,  the  mediod  of  t^  technique 
need  not  be  well  defined. 

2.  MODEL  INPUTS 

The  economic  model  analyzes  system  and  rate 
parameters.  The  system  parameters  describe  unique 
characteristics  of  a  particular  unit  (e.g.,  footprint  or 
unit  cost).  These  parameters  originate  from  field 
tests,  manufacturer’s  literature,  or  extrapolation  from 
lab  tests. 

The  following  are  system  parameters  (per  month)  and 
default  values  used  in  the  study: 

a)  Fooqirint  (per  square  foot):  The  floor  area 
of  a  unit. 

b)  Utility  (per  kilowatt  hour):  The  power 
needed  to  operate  a  unit  for  an  hour. 

c)  Unit  cost  ($) 

d)  Operator  fee:  The  cost  of  an  operator  to 
run  a  unit,  if  applicable. 

e)  Installation  (Default:  $4,(XX)):  An  initial, 
one-time  fee  to  install  a  unit. 

0  Maintenance  (Default:  10%  of  unit  cost): 
The  cost  to  maintain  operations  of  a  umt. 

The  rate  parameters  describe  cost  rates  (e.g.,  floor 
.space  rental  rate  per  month)  and  are  determined  from 
outside  sources.  They  are  influenced  by  the  location 
and  individual  specifications  of  the  airports;  thus, 
rates  will  vary  from  site  to  site.  The  following  are 
rate  parameters  (per  month)  and  default  values  used 
for  the  study: 
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a)  Rental  q>ace  (Default:  $2.00/square  foot) 

b)  Utility  (Default:  $S6.(X)/KW  month) 

c)  Radiation  Lic^tse  (Default:  $175/year) 

The  study  is  not  limited  to  the  system  and  rate 
panuneters  listed  above.  Additional  panuneters  could 
be  added  as  required.  The  system  and  rate 
parameters  combine  to  form  an  expense  parameter. 
For  example,  combining  the  footprint  with  the  floor 
^nce  rental  rate  per  month  yields  the  floor  space 
expense  parameter.  The  summation  of  expense 
parameters  reveals  the  cost  to  run  a  particular 
system. 

Since  this  is  a  model,  assumptions  were  made  based 
on  research  conducted  to  produce  realistic  default 
values  for  the  study.  It  is  important  in  this  kind  of 
modeling  to  see  how  the  various  parameters  and 
assumptions  influence  the  cost  to  process  a  bag 
through  a  particular  X-ray  unit,  that  is,  establish  the 
sensitivity  of  the  model  results  to  these  inputs.  To 
accomplish  this,  rate  parameters  were  analyzed  with 
values  greater  and  less  than  the  default  value.  By 
evaluating  each  system  under  the  same  operational 
scenario,  the  relative  costs  of  the  systems  can  be 
determined  as  a  function  of  the  parameter  values. 
Furthermore,  graphing  these  results  allows  visual 
comparison  of  the  different  systems  to  each  other 
over  a  range  of  parameter  values.  Intersections  of 
two  graph  lines  represent  equal  performance  of  two 
systems  and  a  pivotal  change  in  the  choice  of  the 
superior  system.  Large  slopes  indicate  a  'sensitive* 
parameter,  that  is,  a  parameter  that  notably  effects 
the  rating  of  one  system  against  another.  For 
example,  at  some  parameter  value  x  the  cost  per  bag 
through  system  A  may  be  the  lowest.  At  parameter 
value  y,  however,  the  cost  per  bag  through  system  B 
may  be  the  most  efficient.  Thus,  the  evaluations  and 
conclusions  are  influenced  on  the  particular  value  of 
these  ‘sensitive’  parameters. 

Each  system  is  evaluated  under  identical  economic 
conditions  and  base  assumptions.  A  Thermal 
Neutron  Analysis  (TNA)-Explosive  Detection  System 
is  assumed  to  be  operating  on  about  2000  bags  per 
day,  at  a  10%  false  alarm  rate.  This  means  that  200 
false  alarm  bags  per  day  need  to  be  cleared  by  a 
combination  of  the  secondary  technique  (the  X-ray 
systems  discussed  here)  and  the  tertiary  technique. 
The  secondary  and  tertiary  techniques  are  Iwth 
assumed  to  be  set  at  nearly  100%  relative  PD;  that  is, 
if  the  TNA  alarmed  on  a  bag  with  a  threat,  it  must  be 
found  by  all  of  the  following  systems.  Thus,  the 
level  of  security  is  fixed  by  the  TNA  detection  rate 


and  the  choice  of  bags  fed  into  the  TNA.  The 
tertiary  technique  is  here  represented  only  by  a  cost 
of  handling  any  hag  which  alarms  the  secondary 
system;  if  an  X-ray  system  is  better  at  clearing  false 
alarms,  fewer  bags  will  be  sent  to  the  tertiary 
clearing  process  and  thus  the  cost  of  clearing  TNA 
alarms  %vill  be  reduced.  Thus,  the  economic  model 
is  oue  consistent  way  for  comparing  different 
technologies  if  the  performance  of  the  different  units 
can  be  estimated,  and  if  the  other  ‘mundane’ 
paiameters  like  floor  space,  capital  cost,  etc.  can  be 
determined.  Figure  1  illustrates  the  baggage 
screening  process  as  2000  bags  pass  through  the 
TNA,  X-ray  and  tertiary  system. 


3.  ECONOMIC  METHODOLOGY 

This  study  utilizes  a  net  present  value  equation,' 
which  computes  the  difference  between  "income*  and 
cost  of  a  system.  The  mcome  term  is  determined  by 
the  flow  of  secure  bags  passing  through  the  system. 
Secure  bags  refer  to  bags  which  are  cleared  by  the 
TNA  and  X-ray.  The  ‘benefit’  of  the  system  is  the 
cleared  bags  which  can  be  loaded  onto  the  plane. 
The  cost  term  is  the  total  sum  of  expenses  needed  to 
operate  a  system  (e.g.,  utilities,  floor  rental  space). 
These  terms  were  introduced  in  the  previous  section 
as  the  expense  parameters.  Equating  the  monetary 
input  of  the  expense  with  the  output  (cleared  bags) 
results  in  a  cost  per  bag  to  provide  the  fixed  level  of 
security  (determined  by  the  fixed  detection  rate). 
This  can  be  achieved  by  setting  the  net  present  value 
to  zero  and  equating  the  income  and  cost  terms. 

The  following  is  the  basic  formula  used  for  the 
economic  model. 


Income  Costs 


NPV  = 


yPl*Bl 
M  (l+/)‘ 


^  C,*P2*B2 
§  (Ul)* 


(1) 


The  following  variables  are  used  to  solve  the  net 
present  value  equation  and  can  be  set  by  the  user  to 
satisfy  any  desired  economic  scenario: 

Y  =  Number  of  Years  this  model  spans 
(default:  3  years) 

P  »  Time  Period  (Annually,  Semi-Amiually, 
Quarterly,  etc.) 

N  =  Total  time  (Y-'-P) 

I  =>  Interest  rate  (default;  5.00%) 
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BO  =  Initial  Number  Bags  through  TNA 
(default:  2000  bags) 

B1  =  Number  of  bags  through  Secondary 
B2  =  Number  of  bags  through  Tertiary 
PI  =3  Cost  per  bag  through  Serondary 
(Desired  variable.) 

P2  -  Cost  per  bag  through  Tertiary  (definilt: 
$5.00) 

C,  =  Total  Cost  of  all  expenses  needed  to  nm 
XENIS 

TNA  PFA  =  Percentage  of  false  alarm  of 
the  TNA  (default:  10%) 
SECONDARY  PFA  Percentage  of  fUse 
alarm  of  the  Secondary 
Unit 


bag  are  the  ‘sensitive*  ones  most  important  to  any 
conclusions  dra'wn  from  this  study.  It  is  through 
these  graphs  that  one  can  visually  observe  unusual 
activity.  The  graphs  compare  the  following  five 
systems  and  two  alternative  techniques: 

1)  XENIS  (Astro  Physics  System  S)  >  an 
integration  of  the  TNA™  image  with  a  two*view 
X-ray  system. 

2)  American  Science  and  Engineering  lOlZ 

3)  HeimannHi-ScanSlTODV 

4)  Heimann  Hi-Scan  5170  TS 

5)  Imatron  CTX  5000 

6)  Laminography/Laminar  Tomography 

7)  Custom  two-view  X-ray  system 


The  total  cost,  C„  includes  the  capital  cost  incurred 
in  time  period  t  =  0;  so  the  second  sum  starts  at  t  = 
0;  t  -  1  is  the  first  period  the  system  is  used.  The 
first  step  in  solving  the  economic  model  is  to  balance 
all  costs  with  total  income.  This  is  accomplished  by 
setting  the  NPV  «  0. 

(2) 

sf  (t*/)'  So  a*if 


The  key  variable  in  this  model  is  PI,  the  cost  to 
process  a  bag  through  the  secondary  system. 


Solving  and  isolating  PI  yields  the  following 
equation: 


PI 


^  C,*P2*B2 


E— 

M  (l-^D* 


(3) 


The  software  for  this  economic  model  uses  this 
reduced  form  of  the  net  present  value  equation  to 
solve  the  cost  of  processing  a  bag  through  a  given 
system. 


4.  RESULTS 

The  following  graphs  show  how  variations  of  certain 
parameters  affect  the  processing  cost  per  bag.  Recall 
that  parameters  with  unusual  effects  on  the  cost  per 


These  systems  are  ‘typical*  of  their  class,  wdiere 
such  exists. 

Figure  2  shows  how  the  cost  per  bag  is  affected  by 
the  power  needed  to  operate  a  system.  The  y-axis 
displays  the  cost  per  bag  and  the  x-axis  diqilays  die 
Kilowatt-Month  Rate.  This  rate  ranges  fiom  $30  to 
$80  in  increments  of  $5.  Notice  that  as  the  power 
rate  increases,  the  cost  per  bag  only  ^ghUy 
increases.  The  cost  per  bag  calculated  at  a  rate  of 
$30  is  comparable  to  the  cost  at  $80.  This  indicates 
that  the  cost  per  bag  is  not  significanUy  affected  by 
the  cost  to  power  a  system. 

Figure  3  shows  how  the  cost  per  bag  is  affected  by 
the  qiace  requirements  of  a  system.  The  monthly 
rent  is  calcuhded  by  multiplying  the  footprint  of  a 
system  by  the  monthly  rent  which  is  set  by  the 
airport.  The  y-axis  displays  the  cost  per  bag  a^  the 
x-axis  diqilays  the  monthly  Rental  Spm  Rate/Squara 
Foot,  lliis  rate  ranges  from  $0.00  to  $5.00  at 
inciements  of  $.50.  This  graph  behaves  very 
similarly  to  that  shown  in  Figure  2.  As  the  rental 
rate  incieasee,  the  cost  per  bag  only  slighdy 
increases.  Again,  this  indicates  that  the  cost  per  bag 
is  not  significanUy  affected  by  the  rent  latas  at  the 
airport.* 

Figure  4  shows  bow  the  cost  per  bag  is  affected  by 
the  cost  to  process  a  bag  through  the  tertiary  unit. 
The  y-axis  displays  the  cost  per  bag  and  the  x-axis 
displays  the  tertiary  cost  per  bag.  This  tertiary  cost 
ranges  from  $0.00  to  $10.00  at  increments  of  $1.00. 
This  graph  displays  some  very  unusual  activity. 
Notice  thiu  the  Imatron  system  is  initially  much  more 
expensive  than  the  other  four  systems,  which  have 
roughly  the  same  costa  at  $0.00.*  When  die  tertiary 
cost  is  $5.00,  the  Imatron  system  begins  to  intersect 
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with  the  cost  of  the  other  systems.  This  indicates  that 
the  Imatron  system  starts  to  cost  the  same  or  less 
than  that  of  the  others.  When  the  tertiary  cost 
reaches  $9.00  the  Imatron  system  is  the  cheapest 
system.  This  gra|&  clearly  displays  a  ‘sensitive’ 
parameter.  Depending  on  the  value  of  the  tertiary 
cost,  the  Inutron  system  will  either  be  the  most 
practical  alternative  or  the  most  expensive  choice. 

In  Figure  5  the  number  of  bags  through  the  TNA  unit 
is  varied  which  in  turn  varies  the  number  of  bags 
processed  through  the  X-ray;  the  effect  on  the  cost 
per  bag  is  shown.  Recall  that  the  probability  of  false 
alarm  (PFA)  for  the  TNA  unit  is  set  at  10%  for  this 
study;  therefore,  running  2000  bags  per  day  produces 
200  bags  for  the  XENIS  to  process.  Initially,  the 
Imatron  system  is  mote  costly  than  the  others.  It 
costs  over  $7.00  while  the  others  fall  in  a  range  from 
$3.40  to  $4.30.  As  the  number  of  bags  through  the 
TNA  increases,  however,  the  Inutron  demonstrates 
the  most  dramatic  reduction  in  cost  per  bag.  At 
running  1900  bags,  the  Iirutron  system  irutches  the 
cost  of  the  HS  S170  TS.  As  the  number  of  bags 
increases,  it  slowly  surpasses  alt  of  the  other  systems 
and  at  over  3400  ba^,  it  becomes  the  cheapest 
alternative.  Note  that  the  AS&E  system  is  the  most 
inexpensive  system  to  run  when  the  number  of  bags 
range  from  1000  to  about  3400.  This  would  be  the 
best  alternative  to  handle  a  moderate  flow  of  bags. 
Like  Figure  4,  Figure  S  diqrlays  a  “sensitive* 
parameter.  Depending  on  the  number  of  bags  run 
through  the  TNA,  the  Imatron  can  be  the  most 
expensive  or  the  most  cost  efflcient  alternative  X-ray 
system. 

Lastly,  the  projected  cost  per  bag  incurred  with 
alternative  X-ray  techniques  can  be  compared  to  other 
systems.  Based  on  the  projected  qMciflcatioas,  the 
cost  per  bag  for  the  custom  two-view  X-ray  system 
and  the  laminographic  system  are  shown  compa^  to 
the  present  XENIS  system,  the  Imatron  and  AS&E 
systems  in  Figure  6.  It  is  seen  that  although  the 
initial  capital  cost  of  the  custom  systems  are  higher 
than  the  XENIS  or  AS&E  lOIZZ  system  that  due  to 
the  better  performance,  the  cost  per  bag  is  lower  than 
the  XENIS  at  a  tertiary  cost  of  around  $1.00-  $2.00 
per  bag.  The  cross  over  point  with  the  AS&E  lOlZZ 
is  around  $6.00  per  bag.  It  should  be  noted  that  the 
cross  over  points  are  very  sensitive  to  the  asmred 
performance  nundwra. 

5.  CONCLUSION 

From  the  economic  analysis  presented  above  some 


basic  conclusions  can  be  drawn.  Two  sensitive 
parameters  were  found,  the  tertiary  cost  per  bag  and 
the  number  of  bags  through  the  TNA.  This  means 
that  the  values  chosen  for  these  parameters  greatly 
influence  which  system  performs  best  under  the  given 
scenario.  Over  reasonable  ranges  of  these 
parameters,  the  AS&E  lOlZZ  System  was 
significantly  lower  on  a  cost  per  bag  basis  than  the 
present  XENIS  or  other  alternatives.  As  the  cost  per 
bag  was  increased  over  $8.00  per  bag  or  the  system 
load  exceeds  3400  per  day,  the  assumed  high 
performance  of  the  expensive  Imatron  system  makes 
it  the  most  cost  effective  choice. 


NOTES 

'The  net  present  value  takes  into  account  the  cost  of 
money  by  decreasing  the  future  value  of  money  by 
the  discount  rate. 

Hrhanges  in  this  rate  may  affect  the  cost  of  the 
tertiary  screening  system,  which  nwy  be  more  space 
intensive.  See  below  for  the  impact  of  the  cost  of  the 
tertiary  system. 

^Note  that  at  $0  for  the  tertiary  cost,  it  no  longer 
makes  sense  to  use  a  secondary  system. 
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fUgure  4  Thb  graph  shows  how  the  tertiary  cost  per  bag  affects  the  cost 
per  bag  thnMigh  a  givei  system.  Notice  the  sensitivity  of  the 
Imatroa  system.  Initially,  it  is  the  most  expensive,  but  as  the 
tertiary  cost  inoremes,  it  gradually  becomes  chca^  and 
eventually  the  cheapest 
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ADC 

Analog  to  Digital  Converter 

AI 

Artificial  Intelligence 

ANS 

Artificiai  Neural  Systems 

API 

Atmospheric  Pressure  Ionization 

ART 

Algebraic  Reconstruction  Technique 

ASGDI 

Atmospheric  Sampling  Glow  Discharge  Ionization 

ATR 

Attenuated  Total  Reflectance 

BEP 

Back  Error  Propagation 

BGO 

Bismuth  Germanate  (BiiGcjOi^ 

BIA 

Bioluminescent  Immunoassay 

BSA 

Bovine  Serum  Albumin 

C4 

91%  RDX  +  9%  Plastic  Binder 

CAD 

Computer  Aided  Design 

CAMAC 

Computer  Automated  Measurement  and  Control 

CAT 

Computed  Axial  Tomography 

CDD 

Component  Detection  Device 

CFD 

Constant  Fraction  Discriminator 

CHN 

Continuous  Hopfield  Network 

Cl 

Chemical  Ionization 

CL 

Chemiluminescence 

CLD 

Chemiluminescence  Detector 

CPU 

Central  Processing  Unit 

CT 

Computed  Tomography 

CW 

Continuous  Wave 

DAC 

Digital  to  Analog  Conv&ter 

DDNP 

Diazodinitrc^enol 

DHN 

Discrete  Hopfteld  Network 

DNP 

Dinitrotoluene 

DNP 

Dynamic  Nuclear  Pt^arization 

DRIFT 

Diffuse  Refleciance  Infrared  Fourier  Transform 

DSC 

Differential  Scanning  Calorimetry 

DSP 

Digital  Signal  Prc  sssing 

DVDE 

Dual  View  Dual  Energy 

EC 

Electron  Capture 

ECD 

Electron  CaiMure  Detector 

EOD 

Explosive  Detection  Device 

EDS 

Explosive  Detection  System 

EGDN 

Ethyleneglycol  Dinitiate 

EQS4 

Electron  Gamma  Shower,  version  4  (simulation  code) 

m 

Electron  Impact 

EOG 

Electro-Olfactogram 

EMI 

Electromagn^  Interference 

ENG 

ESCA 

ESR 

EVD 

FET 

FFT 

FID 

FID 

FNA 

FOIA 

FOM 

FPA 

FT-ICR 

FTIR 

FWHM 

GC 

GC/CLD 

GC/ECD 

GC/MS 

HE 

HEBT 

HECD 

HHN 

HMT 

HMX 

HPGc 

HPLC 

HSGC 

IC 

IDL 

IFB 

IMS 

IR 

IRRAS 

ITD 

LCD 

LDI 

LEBT 

LED 

LET 

LLD 


Electron  Neutron  Generator 
Electron  Spectroscopy  for  Chemical  Analysis 
Electron  Spin  Resonance 
Explosive  Vapor  Detector 

Field  Effect  Transistor 
Fast  Fourier  Transform 
Flame  Ionization  Detector 
Free  Induction  Decay 
Fast  Neutron  Analysis 
Fiber  Optic  Immunoassay 
Figure  of  Merit 
Focal  Plane  Array 

Fourier  Transform  Ion  Cyclotron  Resonance 
Fourier  Transform  Infrar^  Spectroscopy 
Full  Width  at  Half  Maximum 

Gas  Chromatography 

Gas  Chromatography/Chemiluminescence  Detector 
Gas  Chromatography/Electron  Capture  Detector 
Gas  Chromatography/Mass  Spectrometry 

High  Explosive 

High  Energy  Beam  Transport 

Hat!  Electrolytic  Conductivity  Detector 

Hybrid  Ht^field  Network 

Hexamethylenetetramine 

Tetranitramine 

High  Purity  Germanium 

High  Performance  Liquid  Chromatography 

High  Speed  Gas  ChrofnaU}grsq>hy 

Integrated  Circuit 
Instrument  Detection  limit 
Immunochemical  Film  Badge 
Ion  Mobility  Spectroscopy 
Infrared 

Infrared  Reflection-Absorption  Spectroscopy 
Ion  Trap  Detected 

Liquid  Crystal  Display 
La^  Desorption  Ionization 
Low  Energy  Beam  Tran^jort 
Light  Emitting  Diode 
Linear  Energy  Transfer 
Lowe^  Limit  of  Detection 
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LLD 

Lower-Level  Discriminator 

LOD 

Limit  of  Detection 

LOQ 

Limit  of  Quantification 

MCA 

Multi-Channel  Analyzer 

MCNP 

Monte  Carlo  Neutron  Gamma  (simulation  code) 

MDL 

Method  of  Detection  Limit 

MDT 

Mean  Down  Time 

MMW 

Milli-Meter  Wave 

MNT 

Mononitrotoluene 

MPD 

Maximum  Permissible  Dose 

MRI 

Magnetic  Resonance  Imaging 

MS 

Mass  Spectroscopy 

MTBF 

Mean  Tine  Between  Failure 

NAA 

Neutron  Activation  Analysis 

NDE 

Non-Destructive  Evaluation 

NEA 

Negative  Ion  Affinity 

NES 

Neutron  Elastic  Scatter 

NG 

Nitroglycerin 

NICI 

Negative  Ion  Chemical  Ionization 

NIM 

Nuclear  Instrument  Module 

NMR 

Nuclear  Magnetic  Resonance 

NN 

Neural  Networks 

NPD 

Nitrogen  Phosphorus  Detector 

NQR 

Nuclear  Quadrupole  Resonance 

NRA 

Neutron  Resonance  Attenuation 

NRA 

Nuclear  Resonance  Absorption 

OD 

Optical  Density  or  Outer  Diameter 

01 

Operator  Interface 

PD 

Probability  of  Detection 

PET 

Positron  Emission  Tomography 

PETN 

Pentaerythritol  Tetranitrate 

PFA 

Probability  of  False  Alarm 

PFNA 

Pulse  Fast  Neutron  Analysis 

PGNAA 

Prompt  Gamma  Neutron  Activation  Analysis 

PM 

Photomultiplier 

PMT 

Photomultiplier  Tube 

PSD 

Position  Sensitive  Detector 

PSD 

Pulse  Shape  Discrimination 

PSND 

Position  Sensitive  Neutron  Detector 

PWG 

Pulse  Width  Generator 

QT 

Quadrupole  Time-of-Flight 
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RAIRS 

Reflection-Absorption  Infrared  Spectroscopy 

RAM 

Random  Access  Memory 

RAM 

Reliabilityj  Availability,  and  Maintainability 

RBE 

Relative  Biological  Effectiveness 

RDX 

Cyclonite  or  Hexogen  (l,3,5-trinitro-l,3,5-triazacyclohexane) 

READ 

Reverse  Electron  Attachment  Detector 

RF 

Radio  Frequency 

RFl 

Radio  Frequency  Interference 

RFQ 

Radio  Frequency  Quadrupole 

SAW 

Surface  Acoustic  Waves 

SCI 

Self  Chemical  Ionization 

SNM 

Special  Nucl«ir  Material 

SNR 

Signal-to-Noise  Ratio,  also  S/N 

SQUID 

Superconducting  Quantum  Interference  Device 

SRIA 

Surface  Reflectance  Immunoassay 

TA 

Trace  Analysis 

TAG 

Time-to  Amplitude  Convertor 

TATP 

Tricycloacetone  Peroxide 

TC 

Thermocouple 

TCD 

Thermal  Conductivity  Detector 

TDC 

Time-to-Digital  Convertor 

TEA 

Thermal  Energy  Analyzer 

TLD 

Thermoluminescent  Dosimeter 

TNA 

Thermal  Neutron  Analysis 

TNT 

Trinitrotoluene 

TOP 

Time-of-Flight 

TOFMS 

Time-of-Flight  Mass  Spectrometer 

ULD 

Upper  Level  Discriminator 

UV 

Ultraviolet 

VOI 

Voxels  of  Interest 

ZT 

Backscatter  Tomography  (Z  refers  to  atomic  number) 
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(Patent  Application) 
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Department  of  the  Navy,  Washington,  DC. 
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Sponsor:  Naval  Ocean  Systems  Center,  San  Diego,  CA. 
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EOD  (Explosive  Ordnance  Disposal)  Surface  Sweep  -  A  Project  Overview 
Douthat,  C.  D. 

Corps  of  Engineers,  Huntsville,  AL. 

Aug  86  12p 

This  article  is  from  ’Minutes  of  the  Explosives  Safety  Seminar  (22nd)  Held  in  Anaheim,  CA 
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12.  Assessment  of  the  Feasibility  of  Performing  Infield  Nondestructive  Evaluation  to 
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Gryting,  H.  J. 

Southwest  Research  Institute,  San  Antonio,  TX. 

Aug  86  37p' 

This  article  is  from  ’Minutes  of  the  Explosive.?  Safety  Seminar  (22nd)  Held  in  Anaheim,  CA 
on  26-28  August  1986.  Volume  2,’  AD-A181  275,  pll85-1221. 

13.  Chemical  and  Electromagnetic  Methods  for  High  Bxplosive/Ordnance  Detection.  Volume  2 
Geo-Centers,  Inc.,  Newton  Upper  Falls,  MA. 

Report  No.:  GC-TR-86-1536-VOL-2 
Nov  86  I33p 

14.  Chemical  and  Electromagnetic  Methods  for  High  Explosive/Ordnance  Detection.  Volume  1 
Geo-Centers,  Inc.,  Newton  Upper  Falls,  MA. 

Report  No.:  GC-TR-86-1536-VOL-1 
Nov  86  250p 

15.  Workshop  Report:  Nuclear  Techniques  for  Mine  Detection  Research, 

July  22-25,  1985,  Lake  Luzerne,  New  York 
Moler,  Robert  B. 

Army  Belvoir  Research  and  Development  Center,  Fort  Belvoir,  VA. 

Jul  85  74p 

16.  Indicator  Tubes  for  the  Detection  of  Explosives 
(Final  report,  Jun  80-Sep  84) 

Erickson,  E.D.  ;  Knight,  D.J.  ;  Burdick,  D.J.  ;  Greni,  S.R. 

Naval  Weapons  Center,  China  Lake,  CA. 

Sponsor:  Shared  Bibliographic  Input. 

Report  No.;  NWC-TP-6569;  SBI-AD-E900  428 
Nov  84  35p 

17.  Proposal  to  Develop  a  Method  for  the  Detection  of  HE  Employing  Chemiluminescence  Reactions. 

Summary  of  Activities  and  Accomplishments,  February  1  to  April  30,  1979. 

Neary,  M.P. 

Los  Alamos  National  Laboratory,  NM. 
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Department  of  Energy,  Washington,  DC. 

Report  No.:  LA-8593-PR 
Nov  80  lOp 
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Pace,  M.  D.  ;  Farrar,  D.  R.  ;  Britt,  A.  D.  ;  Moniz,  W.  B. 

Naval  Research  Laboratory,  Washington,  DC. 
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Egghart,  Heinrich  C. 
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Report  No.:  MERADCOM-2364 
Jun  82  73p 
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22.  Effectiveness  of  the  Civil  Aviation  Security  Program 
(Semi-annual  report  no.  13,  1  Jul-31  Dec  80) 

Federal  Aviation  Administration,  Washington,  DC.;  Office  of  Civil  Aviation  Security. 

Report  No.:  FAA-ACS-82-13 
15  Apr  81  43p 
Report  to  Congress. 

23.  Effectiveness  of  the  Civil  Aviation  Security  Program 
(Semi-annual  report  no.  12,  1  Jan-30  Jun  80) 

Federal  Aviation  Administration,  Washington,  DC;  Office  of  Civil  Aviation  Security. 

Report  No.:  FAA-ACS-82-12 
14  Oct  80  42p 
Report  to  Congress. 

24.  Effectiveness  of  the  Civil  Aviation  Security  Program 
(Semi-annual  report  no.  4,  1  Jan-30  Jun  76) 

Federal  Aviation  Administration,  Washington,  DC;  Office  of  Civil  Aviation  Security. 

Report  No.:  FAA-ACS-82-4 
20  Sep  76  39p 
Report  to  Congress. 

25.  Effectiveness  of  the  Civil  Aviation  Security  Program 
(Semiannual  report  no.  2,  1  Jan-30  Jun  75) 
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